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Abstract

Colorectal cancer (CRC) is the third most common form of cancer in Scotland, with
one in six patients with CRC being treated in critical care within two years of their
diagnosis, and estimates for overall five-year survival in Scotland being less than 50%.
The impact of critical illness on subsequent CRC care quality and outcomes remains
poorly understood. This thesis uses novel linkage of available national datasets to
critical care admission records to describe a cohort of >40,000 Scottish patients with
CRC, investigating how critical illness impacts adherence to cancer care quality per-
formance indicators (QPIs), receipt and quality of adjuvant systemic anti-cancer ther-
apy (SACT), and five-year overall survival. Using a Bayesian statistical framework, this
cohort was stratified both by care level (ward level, monitoring in critical care, re-
ceipt of organ support) during index admission following diagnosis, and the nature
of admission (elective versus emergency). This thesis provides strong evidence that
patients who survive critical illness receive poorer subsequent CRC care as measured
by the Scottish QPI framework. Critical illness is associated with a meaningful reduc-
tion in the likelihood of achieving QPI for timely adjuvant SACT receipt, as well as a
meaningful increase in delays commencing adjuvant SACT, that persists when includ-
ing patients excluded by QPI criteria. For patients treated in critical care, critical
illness is likely to have a causal impact on both subsequent adjuvant SACT receipt,
and long-term overall survival. This impact persists among patients who survived their
initial critical illness. In identifying the impact of critical illness on long term can-
cer outcomes, this thesis provides an opportunity for future work to assess critical
illness’ impact on other patient centred outcomes, as well as highlighting potentially

modifiable factors to improve cancer care quality and long term outcomes.
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Chapter 1

Introduction

1.1 Introduction

This thesis aims to describe and quantify the long term impacts of critical illness on

patients with colorectal cancer.

Rather than studying a single pathology, in this thesis | am exploring two distinct
disease states, colorectal cancer and critical illness, and how the two interact. For
those of us working in critical care, understanding long term outcomes following crit-
ical illness is a question of key importance, to allow us to balance the burdens and
benefits of critical care when making shared decisions. Through studying outcomes
for patients with colorectal cancer, this thesis explores a cancer of high incidence

that is commonly treated in critical care.

Colorectal cancer (CRC) is the third most common form of cancer in Scotland, and the
second most common cause of cancer death in the United Kingdom. Over 40,000 cases
are diagnosed in the United Kingdom each year, 4,000 of these occurring in Scotland

(NICE 2020; NHS 2023; HQIP 2021).
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Critical illness is common for patients with colorectal cancer; one in six patients with
CRC (16%) are treated in critical care within two years of their diagnosis being made.
Of these admissions to critical care, approximately half are unplanned (Camus et al.

2014; Puxty et al. 2018; Vincent et al. 2018; Puxty et al. 2015).

In this chapter | aim to provide an introduction to the following questions:

1. What do we currently understand about the outcomes of colorectal cancer?

2. What do we currently understand about the outcomes of critical illness?

3. What do we currently understand about how critical illness and colorectal can-
cer affect one another?

4. What are the cancer specific and patient relevant outcomes for patients who

experience both disease states?

Colorectal cancer and critical illness are both understood to have long term adverse
physical, psychological, and social outcomes; whether these illnesses interact to in-
fluence patient outcomes is unknown. In particular, whether critical illness affects
the likelihood or quality of subsequent CRC care has not previously been explored.
Whilst standards do exist to assess the quality of CRC care, these criteria have not

been applied to a cohort of patients who have experienced concurrent critical illness.

When making shared decisions about healthcare, both patients and professionals bal-
ance the value of achieving or avoiding certain outcomes, against the likelihood of
that outcome occurring. Without accurate estimates of these likelihoods, the ability
to make fully informed decisions is impaired. In addition, without an accurate un-
derstanding of outcomes for certain patient groups, opportunities to improve cancer
care will be missed, through a failure to recognise current inconsistencies in cancer

care quality.
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In this chapter | highlight where there are important limitations to our current under-
standing of the above questions. For the scope of this thesis, the key area of interest
is in understanding how CRC and critical illness outcomes intertwine. Methods are
described in more detail in later chapters; in brief this thesis relies on routinely col-
lected national registry data, and mostly describes associations between relevant
factors rather than attributing cause. The final results chapter in this thesis does

provide some estimates of the causal impact of critical illness on CRC outcomes.

When attempting to understand outcomes for patients with colorectal cancer and
critical illness, it remains important to know both what question you are asking, but
also who is asking the question. Multiple hospital specialties share the responsibility
of care for this patient group. These include but are not limited to: Oncology, General
Surgery, and Intensive Care. Each specialty will have their own perspective of what
are the “important” questions to ask. The patient experiencing these disease states
will have another perspective, and their family will have another differing view. For
each person involved, with their own question of interest, the question will change

over time as the patient progresses through their cancer course.

This thesis cannot answer all questions for all perspectives for all time points. | can-
not separate my own perspective fully, being an intensive care consultant who cares
for such patients in the emergency and elective setting. In most chapters | attempt
to align my questions with pre-existing metrics of cancer care quality, which tend to
investigate outcomes amongst hospital survivors. These measures of cancer care qual-
ity have been determined historically by surgeons and oncologists, and relate more
clearly to the care provided by such specialties. As such most chapters in the thesis
look at outcomes for patients who have survived hospitalisation. The final chapter

takes a different approach, closer to the perspective of those that work in critical
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care, and looks at all patients admitted to critical care, including the previously ex-
cluded group of those that did not survive hospitalisation. This final chapter addition-
ally investigates the causal relationship between critical illness and cancer outcomes,

rather than describing associations between relevant variables.

1.2 Colorectal Cancer

1.2.1 Definitions

The Union for International Cancer Control (UICC) maintains the TNM (Tumour, Node,
Metastases) cancer staging system and based on this the American Joint Committee
on Cancer (AJCC) publish their widely used Cancer Staging Manual. This staging man-
ual defines CRC as cancers from the terminal ileum to the anal canal. Cancers of
the appendix and anus tend to be considered differently to ‘colorectal cancers’ by
staging systems and treatment guidelines. (Weiser 2018). The majority of colorectal
cancers emerge from one of two subtypes: adenomatous polyps (70%) or sessile ser-
rated lesions (15-30%). Another form, well-differentiated neuro-endocrine (carcinoid)
tumours, are also excluded from the AJCC definition of CRC (Weiser 2018; Kanth and
Inadomi 2021).

Table 1.1, adapted from the AJCC 8th Edition Staging Manual, identifies the ICD-O-3
(International Classification of Diseases for Oncology, Third Edition) codes considered

to be colorectal cancer (Weiser 2018).
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Table 1.1: ICD-0-3: Classification of Colorectal Cancer
Code Anatomical Location

C18.0 Caecum

C18.2 Ascending colon

C18.3 Hepatic flexure of colon
C18.4 Transverse colon

C18.5 Splenic flexure of colon
C18.6 Descending colon

C18.7 Sigmoid colon

C18.8 Overlapping lesion of colon
C18.9 Colon, Not Otherwise Specified (NOS)
C19.9 Rectosigmoid junction
C20.9 Rectum, NOS

1.2.2 Epidemiology

Most cases of colorectal cancer are sporadic (~60%). Up to 10% of cases are due to

known genetic mutations, and up to 30% are familial (Kanth and Inadomi 2021).

Over the last 25 years there appears to be a currently unexplained rising rate of
incidence of colorectal cancer among adults under the age of fifty (Kanth and In-
adomi 2021; Moller et al. 2023; Alexandra M. Zaborowski et al. 2021). The reason for
this rising incidence of early-onset CRC is not yet fully understood. Some proposed
explanatory factors include the increasing prevalence of obesity, type two diabetes

mellitus, physical inactivity, and consumption of processed meat (Lowery et al. 2020).
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1.2.2.1 Risk Factors

Developing colorectal cancer is influenced by a combination of modifiable and non-
modifiable risk factors. Non-modifiable factors include male sex, increasing age,
Black or Asian ethnicity, and family history of inflammatory bowel disease or col-
orectal cancer. Modifiable dietary factors such as increased red and processed meat
consumption, and decreased fibre intake are associated with an increased risk of CRC
(Bradbury et al. 2019). Other modifiable risk factors include: smoking, increased alco-
hol intake, decreased activity, and increased BMI (Kanth and Inadomi 2021; Bradbury
et al. 2019). As a result of these modifiable risk factors, approximately 20% of colorec-
tal cancers are estimated to be avoidable by obtaining a healthy weight, increasing

activity, stopping smoking, and reducing alcohol (Cardoso et al. 2021).

1.2.3 Diagnosing colorectal cancer

The United Kingdom has had a national “NHS Bowel Cancer Screening Programme”
since 2006 (Moran et al. 2017; Richards 2019). The screening programme comprises a
two-stage process; an initial non-invasive stool screening test followed by a diagnostic

procedure when indicated.

Prior to 2015 the initial screening test used was the Faecal Occult Blood test, however
since 2019 this has been superseded by the Quantitative Faecal Immunochemical Test
(gFIT). gFIT has an estimated sensitivity of ~79% and specificity of ~94% in identify-
ing cases of colorectal cancer (Kanth and Inadomi 2021), and is currently offered in
Scotland to people between the ages of 50 and 74 (Richards 2019; NHS inform 2023).
gFIT testing is not equally sensitive for all forms of colorectal cancer, with a lower

sensitivity for CRC emerging from serrated lesions (Kanth and Inadomi 2021).
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For patients whose stool tests are positive, colonoscopy (or an alternative such as
CT colonography, or colon capsule endoscopy) would be recommended to allow for

examination and biopsy (Kanth and Inadomi 2021).

The overall uptake of CRC screening in Scotland from 2020 to 2022 was 67%. Whilst
screening allows for diagnosis at an earlier disease stage, screening uptake is not con-
sistent across Scotland. In the least socioeconomically deprived regions of Scotland,
screening uptake was 75%. In the most deprived regions, screening uptake was as low
as 54%. (Public Health Scotland 2023). In 2019 in Scotland, 35% of colorectal cancers
were identified through screening. In 2020, with COVID-19 resulting in the temporary
suspension of the programme, this fell to 20% (Public Health Scotland 2022a).

1.2.4 Staging colorectal cancer

Colorectal cancer can be staged using the TNM scoring system, using the AJCC’s Can-
cer Staging Manual (8th edition) (Compton and Greene 2004; NICE 2020; Amin et al.
2017; Weiser 2018).

1.2.4.1 Tumour

Tumour (T) ranges from TX to T4 and refers to the level of Primary Tumour invasion
through the bowel wall. TX and TO refer respectively to when the primary tumour
cannot be assessed, or there is no evidence of a primary tumour. Tis reflects a cancer
in situ, and is the first stage considered to be dysplastic enough to be recorded on

cancer registries (Weiser 2018).
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Following Tis the Tumour score progresses from T1 to T4. T1 describes a cancer that
has invaded the submucosa of the bowel, T2 a tumour beginning to invade muscularis
propria, T3 a tumour that has passed through muscularis propria into surrounding
tissues, and T4 when it has directly invaded the visceral peritoneum (T4a), or adhered

to an adjacent structure or organ (T4b) (Weiser 2018).

1.2.4.2 Node

Lymph Node spread (N), is categorised from NX to N2. NX and NO refer to cases where

nodes cannot be assessed (NX), or if there is no evidence of node spread seen (NO).

N1 can reflect when one (N1a), or two to three (N1b) regional lymph nodes have
tumour present. N1c reflects where cancer is not seen in regional lymph nodes, but is
seen separately to the main tumour: in the subserosa, mesentery, or non-peritoneal
tissues surrounding bowel. N2 means four or more regional nodes contain tumour,

with N2a (four to six nodes), and N2b (> seven) (Weiser 2018).

1.2.4.3 Metastasis

Metastasis (M) can be divided into: MO (no distant metastasis identified), and M1

(distant metastasis found).
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M1 is further subcategorised into M1a, M1b, and (as of the AJCC 8th edition) M1c. M1a
represents metastasis found at one distant site or organ (excluding the peritoneum).
Multiple metastases found within one organ would still be considered M1a. M1b is
metastases identified in more than one site or organ. M1c is where metastases affect

the peritoneal surface. (Weiser 2018).

1.2.4.4 Anatomic Stage / Prognostic Group

TNM is not the only classification system for CRC, as colorectal cancer can also be
staged. Stage ranges from 0 to IVB, and closely corresponds with the previously used

Dukes’ scoring system (A-D) (Weiser 2018).

Comparison between Stage, Dukes’, and TNM is provided in Table 1.2. Stage | dis-
ease represents CRC that could have progressed into the muscularis propria. Stage Il
disease represents CRC that has progressed into surrounding tissues. Stage Il can be
considered high-risk of recurrence (High-Risk Stage Il), either through surgical, patho-
logical, or patient factors. These factors include when: less than 12 lymph nodes are
sampled in a surgical specimen, the tumour is T4, the tumour has perforated or caused
bowel obstruction, histology is poorly differentiated, local venous or perineural inva-
sion is seen, or circulating tumour DNA is seen (Baxter et al. 2022). Stage Ill disease
reflects disease that has spread into lymph nodes. Stage IV disease is when cancer
has metastasised to distant sites or organs. As such, Stage | and Il disease must have a
TNM score with T(1+)NOMO. Stage Il disease must have T(1+)N(1+)M0. Stage IV disease
would be T(0+)N(0+)M1. (Weiser 2018).
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Table 1.2: Anatomic Stage of Colorectal Cancer and corresponding Dukes’ and TNM

classifications
Stage Dukes’ T N M
0 - Tis 0 0
I A 1 0 0
A 0 0
A B 3 0 0
1B B 4a 0 0
A C 1-2 1/1C 0
C 1 2a 0
B C 3-4a 1/1C O
C 2-3 2a 0
C 1-2 2b 0
lc C 4a 2a 0
C 3-4a 2b 0
C 4b 1-2 0
IVA D Any T Any N 1a
IVB D Any T Any N 1b
IVB D Any T Any N 1c

1.2.5 Management of Colorectal Cancer

Colorectal cancer can be treated with either ‘curative’ or ‘non-curative’ intent.
Treatments with the aim of cure may centre on surgical resection, with or with-
out systemic anticancer therapy (SACT). Treatments with the aim of disease control,
or the aim of palliative symptom relief, can also involve invasive and non-invasive

therapies.
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1.2.5.1 Surgical Interventions

The goal for surgical management of CRC with curative intent is the en bloc removal
of the cancer, with removal of the tumour as a single piece wherever possible. Ap-
proaches to achieve this may be endoscopic, (robotic) laparoscopic, or require la-
parotomy. This thesis primarily investigates the subgroup of patients who undergo
surgical resection with curative intent and so the following section also focuses on

this form of operative intervention.

For locally infiltrative tumours, surgical resection of the involved bowel segment with
at least a 5cm margin and associated lymphatic drainage is recommended (Argilés et
al. 2020). Resection of the diseased bowel segment may be followed by anastomosis,
where the two free ends of bowel either side of the now removed section are joined
together. Alternatively stoma formation may be performed, where one or both free
ends of bowel are brought out through the abdominal wall. Stoma formation may be
planned to be temporary or permanent. Anterior resection is the surgical removal of

diseased bowel segment in the middle or upper rectum.

Table 1.3 provides names for common CRC surgical procedures and the areas of bowel
they relate to. Figure 1.1 provides illustration of the anatomical location for each part

of the colon.

Table 1.3: Forms of Resection Used in the Surgical Management of Colorectal Cancer

Operation Caecum Ascending Transverse Descending Sigmoid Rectum Anus

Right Hemicolectomy X X

Extended Right Hemicolectomy X X X
Transverse Colectomy X
Extended Left Hemicolectomy X
Left Hemicolectomy

Sigmoid Colectomy

Hartmann’s Procedure

Low anterior resection

Abdomino-perineal (AP) resection

Subtotal Colectomy X X X X
Pan procto-colectomy X X X X

+/-

= >
<> L

X X X X
>
>
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Transverse \

colon

Stomach
Ascending
colon

Descending
colon
Ceoum Sigmoid
Appendix colon
Small intestine — Rectum
Anus |

Figure 1.1: Anatomical diagram of the colon, reproduced with permission from National
Cancer Institute Visuals Online (National Cancer Institute 2001)



1.2. Colorectal Cancer 13
Within the NHS, operations are coded using the OPCS Classification of Interventions
and Procedures system (OPCS-4). NHS Scotland provide a reference list of OPCS-4
codes considered to refer to surgical resection of CRC (Dawson 2018). A summarised
version of relevant OPCS-4 headers that refer to surgical resection of CRC is provided
in Table 1.4. Later chapters in this thesis use a more detailed version of this list to

establish whether patients received resection of CRC.

Table 1.4: OPCS-4 Header Codes For Colorectal Cancer Resection
OPCS-4 Heading Descriptive Title

HO4 Total excision of colon and rectum

HO5 Total excision of colon

HO6 Extended excision of right hemicolon
HO7 Other excision of right hemicolon

HO8 Excision of transverse colon

HO9 Excision of left hemicolon

H10 Excision of sigmoid colon

H11 Other excision of colon

H12 Extirpation of lesion of colon

H29 Subtotal excision of colon

H33 Excision of rectum

H40 Operations on rectum through anal sphincter
H41 Other operations on rectum through anus
X14 Clearance of pelvis

1.2.5.2 Local Disease: Anatomical Stages O - lll

Current UK and European guidance for management of local colorectal cancer were
published in 2020, by the National Institute for Heath and Care Excellence (NICE) and
the European Society for Medical Oncology (ESMO) (NICE 2020; Argilés et al. 2020).
Additionally localised rectal cancer has a more recent ‘living guideline’ produced by

ESMO, published in 2025 (Hofheinz et al. 2025)
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For patients with Stage 0 and Stage | disease, resection without adjuvant chemother-
apy is recommended. ESMO recommend endoscopic resection for cancer in situ (Stage
0 disease) (Argilés et al. 2020). NICE states those with Stage | disease should be of-
fered one of; a surgical intervention of Transanal Excision, Endoscopic Submucosal
Dissection, or Total Mesorectal Excision (National Institute for Health and Care Excel-

lence 2021).

For locally infiltrating tumours considered resectable, both ESMO and NICE recom-
mend colonic resection (either laparoscopic or open) (Argilés et al. 2020). ESMO rec-
ommend this resection should be en bloc to ensure adequate staging, and adequate

resection of adjacent organs and structures (Argilés et al. 2020).

1.2.5.3 Metastatic Disease: Anatomical Stage IV

For patients with metastatic disease, ESMO guidance was published in October 2022,
was updated with the living guideline of 2025, and updated further in April 2026.
This also covered recurrent colorectal cancer. This guidance describes resectable
metastatic colorectal cancer as a potentially curable condition, with a five-year sur-
vival of 20-45% (Cervantes et al. 2023; A Cervantes 2025). As such, both ESMO and NICE
recommend considering resection of the primary tumour, in patients considered ap-
propriate at MDT review. Also recommended is referral to a centre that could perform
advanced disease resection, or exenteration. Surgical resection can be considered for
hepatic and lung metastases in patients considered appropriate at MDT review (Cer-

vantes et al. 2023; National Institute for Health and Care Excellence 2021).
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Historically patients were categorised based on how “resectable” their tumour was
considered to be. In the most recent guidance there has been a shift of focus, with
a recognition that the overall health of the patient will be key to determining ap-
propriate treatment options. As such the current guidelines recommend categorisa-
tion by: “Fit” versus “Unfit” patients, when considering suitability for treatment.
The 2022 guidance recommends that clinicians consider disease-specific and patient-
specific characteristics. Examples given for patient-specific characteristics include:
age, performance status, comorbidity and socioeconomic factors. To identify an all-
encompassing measure of health, consideration of patient frailty and geriatric assess-

ment are also recommended. (Cervantes et al. 2023).

“Fit” patients with metastatic or recurrent disease are further categorised into Group
1 Fit versus Group 2 Fit. Group 1 comprises patients who need more intensive treat-
ment either due to impending clinical threat, or through having the potential for
conversion to curative treatment. This intensive treatment could include neoadju-
vant SACT, resection, as well as adjuvant therapy. Group 2 patients contain the re-
mainder of Fit patients, who it is felt that SACT may be able to achieve some form
of disease control and increased duration of survival (without cure) (Cervantes et al.

2023).

The inclusion of ‘socioeconomic factors’ as a relevant characteristic is an interesting
choice, with potential for significant controversy. The rationale for the choice is not
provided in either the published guidance or in the supplementary material, but two
potential explanations could be considered. First as a Pan-European document, this
guidance covers a range of healthcare systems. Although all countries in Europe have
a form of universal health coverage, there is a spectrum encompassing different ratios

of private to public healthcare provision (Montagu 2021).
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As a first explanation it may be that the authors wish treating clinicians to consider
what is financially possible for the patient in front of them. As another potential ex-
planation, socioeconomic deprivation is associated with poor colorectal cancer out-
comes. Population based data from Germany (where there is mixed public and private
healthcare provision) shows a 5% reduction in 5 year survival when comparing those in
the most deprived areas against others in the least deprived (Jansen et al. 2020). Ob-
servational data from a state-funded universal healthcare system in Canada revealed
lower socioeconomic status was also associated with: more advanced stage of disease
on presentation, lower likelihood of receipt of adjuvant and palliative chemotherapy,
as well as lower likelihood of survival (Shah and Chan 2021). It may be that the au-
thors of the ESMO guidance are highlighting the association between socioeconomic
deprivation and decreased likelihood of treatment success. In highlighting this dif-
ference, they could be suggesting that for those more socioeconomically deprived,
the balance between benefits and burdens of aggressive treatment may shift slightly
away from benefit. As stated above, their rationale is not provided, and so remains

unclear.

In a predominantly private North American setting, qualitative work has suggested
that health care providers already use socioeconomic status as an influencing factor in
decision making. Interviewed professionals felt that they were making decisions based
on patients interests (minimising financial strain) and would not make changes that
decreased overall the likelihood of a good patient outcome (Bernheim et al. 2008).
However, taking such factors into account during decision making risks exacerbating
health related inequalities. (Spencer and Grace 2016). The difficulty of allowing so-
cioeconomics to influence health care is a well established problem. Whilst we may
optimistically hope that in an UK context, financial strain following critical illness
would not impact concurrent cancer care, financial strain among critical illness sur-
vivors does exist. Griffiths et al. 2013 identified a fall in income for a third of families
of critical illness survivors in the UK at the time of 6 month follow up (Griffiths et al.

2013). In 1969 Johan Galtung provided a mechanism to view the ‘social determinants
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of health’ as a form of ‘structural violence’, where an inequitable healthcare system
and wider society harms the most vulnerable (Galtung 1969; DeBruin et al. 2012). In
recognising that many in society fall victim to this structural violence, it becomes
clear that the use of socioeconomic factors requires more careful justification than

is provided in the ESMO guidance.

1.2.5.4 Systemic Anticancer Therapy (SACT)

1.2.5.5 Forms of Systemic Anticancer Therapy

Referred to as the backbone of SACT for colorectal cancer, fluoropyrimidines have
been consistently used in this context for the last thirty years (Cervantes et al. 2023;
Vodenkova et al. 2020) 5-Fluorouracil (Fluorouracil, 5-FU) is an intravenous fluoropy-
rimidine, acting as an “anti-metabolite”, preventing tumour cells from nucleic-acid
synthesis. Used in combination with intravenous 5-FU, folinic acid (leucovorin) po-
tentiates the action of 5-FU and acts as a “chemoprotectant” to minimise toxic-
ity symptoms (Vodenkova et al. 2020). An oral prodrug for fluorouracil also exists:

capecitabine (Walko and Lindley 2005).

Other chemotherapeutic agents include oxaliplatin, a platinum compound that acts
as a cytotoxic through blocking DNA replication (Culy et al. 2000). Irinotecan is often
used in combination with 5-FU and oxaliplatin, acting again as a cytotoxic, binding to

DNA (Bailly 2019).

The commonly occurring acronyms for SACT regimes and the agents they are com-

prised of, are provided in Table 1.5.
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Table 1.5: Medications Used In Commonly Occurring SACT Regimes

Regime 5-FU Folinic Acid Capecitabine Oxaliplatin Irinotecan
(modified) de Gramont X X

FOLFOX / Oxaliplatin de Gramont X X X

CAPOX / XELOX X X

FLOX X X

FOLFIRI X X X
CAPIRI/XELIRI X X
FOLFOXIRI X X X X

Additionally, biological/immunotherapy agents including cetuximab and panitumab
(EGFR inhibitors), and bevacizumab (VEGF inhibitors) may be considered. However
their role is limited to the treatment of metastatic disease (Cervantes et al. 2023).
In particular cetuximab has been described as having revolutionised treatment of
metastatic colorectal cancer, providing “renewed hope” for patients (Saoudi Gonzalez

et al. 2024).

1.2.5.6 Local Disease: Anatomical Stages O - lll

ESMO recommend consideration of adjuvant chemotherapy for patients with interme-
diate or high-risk stage Il disease (Argilés et al. 2020). For patients receiving adjuvant
Systemic Anti-Cancer Therapy (SACT), this should be started no later than 8 weeks
following surgery (Argilés et al. 2020). Adjuvant SACT is associated with increased 5

year survival, however the impact of survival on low-risk patients is contested.

The two main adjuvant regimens recommended by ESMO in this context are: the
de Gramont regimen (5-FU and leucovorin), and capecitabine (Argilés et al. 2020).
ESMO also recommend that due to side-effects, or lack of evidence of efficacy: FLOX,
irinotecan, cetuximab, and bevacizumab should not be used as adjuvant treatments

(Argilés et al. 2020).
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For patients with Stage IIB-1lIC disease, NICE also recommend preoperative (neoad-
juvant) SACT (National Institute for Health and Care Excellence 2021). Whilst it does
not provide specific guidance on treatment regime or timescale, the recommenda-
tion was guided by pilot data from the FOXTROT trial, where patients received a 6
week course of neoadjuvant chemotherapy (FOLFOX), followed by surgical resection

4-6 weeks after completion of chemotherapy (Morton et al. 2023).

In their 2020 guidance, ESMO and NICE recommend similar guidance, that the standard
of care in Stage lll adjuvant chemotherapy should be a combination of fluoropyrimi-
dine and oxaliplatin (such as FOLFOX or CAPOX) (Argilés et al. 2020; National Institute
for Health and Care Excellence 2021).

In their clinical practice guidelines, ESMO report adjuvant SACT with a single agent
provides an overall survival benefit of 10-15% for patients with Stage Il disease, and a
benefit of 3-5% for patients with High-Risk Stage Il (Argilés et al. 2020; Knapen et al.
2020; Sargent et al. 2009; Gill et al. 2004) Contrasting between Stage Il and High
Risk Stage Il disease, we see a substantial difference in survival benefit following
adjuvant SACT. This difference in benefit does not mean that SACT is less effective
against cancers of a lower stage; rather it implies SACT is less necessary, that surgical
resection alone is closer to sufficient for cure. Among patients at even lower risk
of cancer recurrence following surgery (Low Risk Stage Il and below), ESMO do not

recommend adjuvant SACT, due to lack of evidence for any additional benefit.

The key measure to balance proposed benefits of adjuvant SACT against, would be
the proposed burdens. If there were no burdens, all patients with CRC may wish to
receive adjuvant SACT on the off-chance it may improve survival. However it is not the
case that treatment is risk-free, and the key identified burdens would be treatment

toxicity.
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Knapen et al. 2020 performed a review of adjuvant colon cancer trials against the
ESMO Magnitude of Clinical Benefit Scale (ESMO-MCBS), a scale | return to in more
detail in Chapter 7. In doing so they attempted to ask the question | describe above,
how should we balance the benefits and burdens of adjuvant SACT. In their work,
investigating the burdens of treatment is an area that was patient-prompted, rather
than clinician-led, as the patients included in the ESMO-MCBS working group advo-
cated for the inclusion of measures for Acute (AT) and Late Toxicity (LT) (Knapen et
al. 2020). Reporting the incidence of AT and LT, Knapen et al. 2020 note that later
trials record these features more often, demonstrating the growing recognition of the

importance of such measures.

In trials of adjuvant treatment, there is little consistency in how features of toxicity
are measured or reported (Knapen et al. 2020). However, the findings reported by
the following trials allow us to make some comment on AT and LT. Peripheral Sensory
Neuropathy (PSN) is a recognised common complication of treatment. The ACHIEVE
study reported the following high prevalence of PSN following adjuvant SACT (Yoshino
et al. 2019). After 3 months of adjuvant treatment, incidence of PSN lasting 3 years
was ~10% for patients (9.7%). Among patients who received 6 months adjuvant SACT,
incidence of PSN lasting 3 years rose to ~25% (24.3%) (Knapen et al. 2020; Yoshino
et al. 2019). The SCOT trail also reported findings of quality of life (QoL) related to
PSN (Iveson et al. 2018). Consistent with the findings of ACHIEVE, SCOT reported that
patients who received 6 months of treatment had worse neuropathy-related QoL than
those who received 3 months treatment. This relative burden of treatment remained

identifiable at 5 years follow-up (Iveson et al. 2018).

ESMO recommends that adjuvant SACT should be provided for either three or six
months, with NICE reporting the standard duration has traditionally been 6 months
(Argilés et al. 2020; NICE 2020). Fortunately, considering that SCOT reported wors-
ening toxicity for patients who received 6 months of treatment, SCOT also reported

3 months treatment was non-inferior in overall survival benefit (lveson et al. 2018).
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The practice changing nature of these findings was reported by Hanna et al. 2022,
who noted that following publication of SCOT, the proportion of Scottish patients
receiving greater than 3 months of adjuvant treatment fell from 75% to 42% (Hanna

et al. 2022).

1.2.5.7 Metastatic Disease: Anatomical Stage IV

As justified in more detail in Chapters 4, 5, and 6, in this thesis | mainly investigate
the impact of critical illness on SACT and Survival for patients who have High Risk
Stage Il or Stage lll disease. As such the following section on Metastatic Disease is

relatively brief.

ESMO describe Fluorouracil as the “backbone of metastatic colorectal cancer treat-
ment” (Cervantes et al. 2023). Treatment regimens could include: FOLFOX, FOLFIRI,
CAPOX, CAPIRI, and FOLFOXIRI, with additional detail of what these entail provided
in Table 1.5 (Cervantes et al. 2023).

In patients considered suitable for surgery at MDT, ESMO recommend a 6 month course
of FOLFOX, starting 3 months before surgery as the standard of care (Cervantes et
al. 2023). Amongst the more frail “Fit” patients, lower toxicity SACT regimens such
as a fluoropyrimidine +/- bevacizumab could be considered (Cervantes et al. 2023).
Patients who are felt to be “Unfit” for SACT are recommended supportive care with

palliative intent (Cervantes et al. 2023).
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1.2.6 Auditing Quality of Colorectal Cancer Treatment: The Quality

Performance Indicator Programme

In 2008 the Scottish Government published “Better Cancer Care”, documenting a plan
to improve the quality and consistency of cancer care. As a result, the National Cancer
Quality Steering Group was created, with the role of setting and assessing national

cancer treatment targets (Healthier Scotland 2008).

These measures of cancer treatment quality are referred to as “Quality Performance
Indicators” (QPIs). There are separate QPIs developed for each major form of cancer.
Attainment of these QPIs is intended to be assessed at the level of: an individual MDT,
NHS board level, and through national comparisons (National Cancer Quality Steering

Group 2025).

Colorectal Cancer QPIs were first developed in 2011 and were applied to patients di-
agnosed from January 2012 onwards (Figure 1.2). The QPIs are reviewed and updated
every three to four years. Currently the treatment of patients with colorectal cancer
in Scotland is assessed against Version 5.0 (National Cancer Quality Steering Group

2025).

As appendiceal cancers (accounting for 0.8% of new colorectal cancer cases in Scot-
land), have a different typical presentation and management, and are not considered
‘colorectal’ in certain staging systems (Weiser 2018) they have been excluded from

the Colorectal Cancer QPIs since 2016 (National Cancer Quality Steering Group 2025).
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Figure 1.2: Versions of Colorectal QPI Since 2012.
Each coloured bar represents a QPI version and the time period it covered.

1.2.6.1 Current QPIs for Colorectal Cancer

QPI Version 5.0, published in September 2025, applies to cases of colorectal cancer
diagnosed from April 2025 onwards. This version has updated certain QPIs, as well as

adding and archiving others.

The individual QPIs can be broadly categorised into: pre-operative, peri-operative,
and post-operative targets. Described in more detail in Chapter 5, these QPIs assess
aspects of care including: pre-operative imaging, surgical margins and lymph node
yield, incidence of re-operation and operative complications, access to chemother-

apy, as well as other more specific QPIs for certain subgroups.

In Chapter 5 | assess the treatment of patients with CRC against the QPIs published
at the time of treatment. These include measures now archived, such as 30 and 90

day mortality following treatment.
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The current version of CRC QPI makes some welcome changes. Of particular interest
to this thesis, in QPI 11, the window for acceptable delay to commencing adjuvant
SACT following surgical resection is narrowed, from 12 weeks in Version 4, to 8 weeks
in Version 5 (National Cancer Quality Steering Group 2020, 2025). This change reflects

changes in clinical evidence, described in more detail in Chapters 5 and 6.

1.2.6.2 Limitations of QPIs

QPIs are not designed to provide a complete measure of the quality of an individual’s
cancer care. Rather they are established to allow comparison between regions on
a national level, as well as reporting national performance. The authors of the QPI
report highlight some areas of “key importance”, that they are currently unable to
provide recommendations for; this is either due to insufficient evidence, or a lack
of agreed methods to measure quality. As examples of areas of importance not cur-
rently measured by QPlIs, the following are listed in QPI Version 5.0: side effects and
toxicities of SACT, post treatment management, and evaluation of frailty (National

Cancer Quality Steering Group 2025).

It remains a key limitation of the current QPIs, that several key factors relating to
burdens of treatment remain excluded. In versions V.4 and V.5 the authors note that
evaluation of frailty or measurements of side effects and toxicities from SACT are not
included in QPI reporting. In QPI V.5 the only measures of treatment complications
relate to surgical treatment, with Reoperation Rates, and Anastomotic Dehiscence

(National Cancer Quality Steering Group 2025).
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In QPI V.5 measures such as 30 and 90 day mortality following treatment have been
“dropped”. It may be reasonable to remove measures of short term mortality for a
national QPl programme. As noted in Chapter 5, | report low overall incidence of
short term mortality. It may also be reasonable to not replace short term mortality
with long term measures, considering results of these would not be available in a
reasonable timescale. However, the removal of such a measure of risks or burdens of
treatment, has not been followed by the inclusion of a different measure of burdens,
such as treatment toxicity. Failing to include measures of treatment toxicity, likely
due to reasonable concerns on the inconsistency of such data collection throughout
Scotland, results in the current programme failing to acknowledge one of the key
measures of importance to patients, as noted previously by the ESMO-MCBS working

group (Knapen et al. 2020).

The current system of QPI is designed to allow us to measure quality of process of
care, rather than quality of outcomes of care. QPIs allow us to identify if we are
doing what we think is important, they do not allow us to identify if what we are
doing actually improves or worsens patients lives. We could argue that noting this is
an unfair criticism of the programme, to assess it against criteria it was not designed
to meet. However in the era of routinely collected clinical information on electronic
health care records and national registers, | would argue that the QPI programme
misses a key opportunity to identify what occurs to our patients following treatment
(for better or worse). Despite the above, the QPI programme does provide a wealth of
information on the processes of care for patients, and in doing so allows us to contrast
the treatment between certain patient groups. | make such a comparison between

patient groups’ care quality in Chapter 5.
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1.3 Intensive Care And Critical Illness

1.3.1 Introduction To Critical Care

The 2022 Scottish Audit of Adult Critical Care (Scottish Intensive Care Society Audit
Group, SICSAG) identified 605 inpatient hospital beds as “critical care”. This included
22 Intensive Care Units (ICU) or combined ICU and High Dependency Units (HDU) (355
beds), as well as 26 Medical, Surgical or Combined HDUs (250 beds), while excluding
7 Obstetric High Dependency Units (SICSAG 2022).

The report included all ICUs in Scotland, and greater than 95% of HDUs. The organi-
sation responsible for publishing standards for Critical Care in Scotland and auditing
attainment of these, is the Scottish Intensive Care Society Audit Group (SICSAG) (SIC-
SAG 2022, 2015). In the SICSAG report, published by Public Health Scotland, Critical
Care was defined as “specialist hospital wards for the most severely ill or injured

patients” treating “patients with a high level of complexity” (SICSAG 2022).

At the level of the United Kingdom, the Intensive Care Society and the Faculty of
Intensive Care Medicine published a report on levels of inpatient care in the Sum-
mer of 2022. This redefined levels of inpatient care to one of: Ward Care, Level 1
- Enhanced Care, Level 2 - Critical Care, Level 3 - also Critical Care (Intensive Care
Society 2021). In this new definition some aspects previously considered High Depen-
dency may fall into either Level One or Level Two. Level One would include patients
requiring either more detailed observations or interventions to support a single organ

system, that cannot be safely provided on a ward. Level Two would include patients
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with needs beyond Level One, including support for two or more organ systems, or
advanced support for one organ system. Level Three includes all patients requiring
advanced respiratory monitoring and support, or advanced support for two or more

organ systems (Intensive Care Society 2021).

1.3.2 Enhanced Monitoring and Interventions

The Levels of Care Report provides an example (Table 1.6) of interventions which
would require treatment in at least a Level One environment. If several of these in-
terventions are required, the report recommends treatment in a Critical Care (Level
Two or Level Three) environment. In addition to the interventions in Table 1.6, re-
quiring advanced organ support would require treatment in critical care. As stated
above, all cases of advanced respiratory support would require Level Three (Inten-
sive) care. The Levels of Care Report and the SICSAG report, do not define what is
considered to be advanced support, or where the distinction between basic critical
care and advanced may be (Intensive Care Society 2021). This lack of clarity in report-
ing, likely reflects the lack of agreement between practitioners as to what should be
considered “basic” or “advanced”, and the lack of evidence supporting one definition

or another.

Similarly post covid pandemic, in my own clinical practice across critical care settings,
as a multidisciplinary team (MDT) we have anecdotally acknowledged that treatments
previously considered to be ward level interventions are more frequently referred to
critical care. Whilst we do not have evidence for why this change in practice is oc-
curring (or even if such a change exists outside the perspective of critical care staff),
one potential explanation remains the increased pressure and decreased resources
available to hospital wards on a regional and national level (Audit Scotland 2024;

Royal College of Nursing 2024; Clarissa et al. 2021).
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Table 1.6: Monitoring and Interventions to be provided in Enhanced Care Environments
As recommended by the Intensive Care Society Levels of Care Report (Intensive Care Society

2021)
Monitoring Interventions
Continuous monitoring (ECG, NIBP, Sp02) High flow nasal oxygen
Hourly neuro observations Goal directed fluid therapy
Continuous invasive arterial blood pressure Acute Non Invasive Ventilation
Regular Arterial Blood Gas monitoring Opiate infusion
Continuous central venous pressure Anticoagulant infusion

Thrombolytic infusion

Single vasopressor/inotrope infusion (dose limited)
Single hypotensive infusion e.g. labetalol, GTN
Potassium infusion > 60mmol/l over 8 hours
Ketamine infusion

Lidocaine infusion

Naloxone infusion

1.3.3 Advanced Organ Support

1.3.3.1 Respiratory

Acute Respiratory Failure is a common reason for admission to critical care, when
patients require more than the supplemental oxygen that can be provided in a ward
setting. As seen in Table 1.6, some critical care interventions to support a patient’s
breathing can be considered basic critical care (enhanced care). These include High
Flow Nasal Oxygen (HFNO), and Non Invasive Positive Pressure Ventilation (NIV). Both
of these forms of treatment have been developed with the aim of avoiding the burdens

of invasive ventilation (Abe et al. 2023).

NIV is used routinely in certain diseases, such as exacerbations of chronic obstructive
pulmonary disease (COPD) or decompensated heart failure with pulmonary oedema,
where evidence suggests it can reduce need for invasive ventilation and overall mor-
tality (Abe et al. 2023). In other disease states NIV is often used as a tool to avoid
invasive ventilation where possible, or when it is felt that invasive ventilation would

not be successful in achieving the patient’s goals.
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HFNO consists of a supply of a large volume of heated humidified air (up to 60L/min)
with supplemental oxygen (up to an FiO2 ~1), via wide-bore nasal cannulae. In doing
so it matches peak inspiratory flow rates of patients, providing the targeted fraction
of inspired oxygen (FiO2) throughout the respiratory cycle. It also provides a small de-
gree of positive end expiratory pressure (PEEP), which may minimise alveolar collapse

and atelectasis.

NIV can be supplied via multiple interfaces including: nasal, face mask, and helmet.
NIV supplies air with supplemental oxygen with additional pressure support through-
out the respiratory cycle. It supplies an adjustable level of pressure on inspiration to
help with lung inflation, this may be referred to as Inspiratory Positive Airway Pres-
sure (IPAP), or Pressure Support (PS). It also supplies an adjustable level of PEEP, also

referred to as Expiratory Positive Airway Pressure (EPAP).

In more severe acute respiratory failure, non-invasive support may be inadequate.
In cases where intubation and invasive ventilation is indicated, continuing with NIV
is associated with worse survival outcomes (Abe et al. 2023). In this patient group,
an endotracheal tube is placed and attached to a mechanical ventilator with similar
controls to its non-invasive counterpart. Invasive ventilation allows for a greater level
of adjustment for individualised patient support. Inspiratory support may be adjusted
through targeting a certain volume with each breath (tidal volume) or applying a
certain pressure on inspiration. When a patient is sedated to facilitate mechanical
ventilation, more granular control of the respiratory cycle can be achieved. Advanced
respiratory support with invasive ventilation exists on a spectrum. At the least severe,
it may involve levels of support similar to that of NIV. When more severe, a patient
may be anaesthetised, with medicines to ensure neuro-muscular blockade, to allow

for full control of the respiratory cycle.
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In patients with the most severe forms of acute respiratory failure, more advanced
forms of extra-corporeal support may be considered. These forms of extra-corporeal

membrane oxygenation (ECMO) are performed in few specialist referral centres.

1.3.3.2 Cardiovascular

Patients with cardiovascular failure in critical illness often require support via con-
tinuous infusion of vasoactive medicines. These medications are used with the intent
of increasing blood (and therefore oxygen) supply to patients’ organs, by affecting
heart rate (chronotropes), heart contractility (inotropes), or vascular constriction
(vasopressors). As noted in Table 1.6, a single vasoactive agent may be considered en-
hanced care (basic critical care), whereas multiple medications or monitoring may be
considered advanced critical care. When enhanced monitoring of a patient’s cardio-
vascular system is required, invasive blood pressure measurements may be recorded
using an arterial catheter. To facilitate administration of vasoactive medications, a
central venous catheter may be placed. Similarly to advanced extracorporeal support
in respiratory failure, certain patient subgroups may require mechanical cardiovas-

cular support at specialist referral centres.

1.3.3.3 Renal

Renal support for Acute Kidney Injury is achieved through the use of renal replace-
ment therapy (RRT). RRT may be provided in either specialist units under the care
of Renal Medicine, or in a Critical Care environment. RRT in acute illness involves
the circulation of blood through a specialised machine. This may be achieved either
through a preexisting route, such as a “tunnelled line” or arteriovenous fistula, or

through a temporary specialised central venous catheter.
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RRT is provided by a number of modalities, through varying levels of haemodialysis (re-
moval of waste solutes through diffusion) and haemofiltration (removal of solutes via
convection), and duration of therapy: intermittent (therapy over a 2-4 hour period)
versus continuous (24 hours or more)therapy. A fairly typical approach in Scottish
Intensive Care Units would be the use of Continuous Veno-Venous Haemodiafiltra-
tion (which uses both dialysis and haemofiltration). However, the use of Intermittent
Haemodialysis with Ultrafiltration (to allow management of patient fluid balance),
more similar to what is seen in Renal Dialysis Units, is also utilised (Dennen et al.

2010; Jorres 2012).

RRT is less commonly indicated in critical illness than vasoactive and respiratory sup-
port. In one 2022 study set in Scotland Acute Kidney Injury (AKI) was common, affect-
ing 41% of patients in a general ICU setting. However among the cohort of patients
with AKI, only 21% required RRT. In the same subset of patients with AKI, 69% received
cardiovascular support, and 69% received invasive mechanical ventilation. This study
found 7% of the total cohort of ICU patients (343/4682) received renal replacement
therapy (Andonovic et al. 2022).

1.3.4 Aims of critical care admission

Critical care should be considered for patients who fulfil two criteria; they have a
severe illness where critical care is considered to meaningfully increase chance of
survival, and that a critical care stay and the possible outcomes from it are in accor-

dance with the patient’s values and wishes.
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What could be seen initially as a strictly biological question: ‘does the patient have an
illness that is likely to improve with critical care?’, can be recognised to be much more
subjective when we consider both the idea of a “meaningful increase” in the chance
of survival, and the patients’ own priorities. Balancing the benefits and burdens of
critical care treatments, is comparable to the decision being made when proposing

treatment for colorectal cancer.

As a result, the causes of critical care admission are not simply the forms of critical
illness listed above. Like all other medical treatments, choosing to embark on critical
care is a decision based on communication between all relevant parties. Inadequate
or inaccurate communication may result in a different decision than would have been

made with clearer discussions.

In previous studies of patients with solid-organ cancers, when patients had incor-
rect understanding of their prognosis, they were more likely to choose intensive care
and mechanical ventilation, when compared against patients with an accurate un-
derstanding (Tang et al. 2016). A separate study found patients who lacked accu-
rate information on their prognosis were less likely to undergo advance care planning
(ACP), and more likely to select aggressive forms of treatment or surgery (Winner
et al. 2016). Patients with accurate prognostic information are more likely to prefer
symptom directed care; patients who discuss their wishes with treating doctors are
more likely to receive care consistent with their values (Mack et al. 2010). It may be
easier for clinicians to believe that patients do not wish to have potentially upsetting
conversations. However, interview based studies have patients with cancer empha-
sising the importance of being willing to talk about dying in a sensitive, honest, and

straightforward manner (Wenrich et al. 2001).
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Despite the importance of advance care planning, surveys of intensivists and oncolo-
gists find that both specialities report a low rate (less than 10%) of routine ACP among
patients with haematological malignancy (Spring et al. 2021). Oncologists are more
likely than intensivists to report ACPs being put in place at key stages in cancer treat-
ment, such as commencing chemotherapy, disease recurrence, or the transition point
to palliative care (Spring et al. 2021). Intensivists are more likely to report oncologist
discomfort as a barrier to ACP conversations occuring (52% intensivists, 32% oncolo-
gists) (Spring et al. 2021). This difference in perspective is understandable from both
parties. It is likely that the majority of intensivists are unaware of the large propor-
tion of patients in oncology who receive pragmatic ACP, and either undergo treatment
without complication, or compassionate end of life care. It is plausible, is that oncol-
ogists over-report the number of ACPs they undergo, due to the ‘social desirability*
bias, or the related ‘intention-behaviour‘ gap, where we over report what we think
we should do, or what we intend to do, rather than what we actually do (Davies et al.
2022). Similarly it is possible that intensivists fall foul of the ‘availability bias’: where
more emotionally impactful cases are recalled more easily, and considered to occur
more freguently, such as cases where ACPS could have improved care at the end of

life. (Saposnik et al. 2016).

For patients with critical illness, the alternative to critical care may be management
focusing on symptom relief whilst dying. When the potential benefit from critical
care is survival, it could seem strange not to offer it even if the chances of survival
are uncertain or small. However, similar to the burdens of adjuvant SACT reported
above, treatment in critical care is associated with significant patient burden. Pain is
common in intensive care. 70-80% of patients report pain during treatment of critical
illness (Carrillo-Torres et al. 2018). Discomfort is also common, with commonly re-
ported triggers including: physical discomfort, sleep deprivation, hunger and thirst,
embarrassment, fear, shortness of breath, and difficulty communicating (Latour et
al. 2022). Additionally survival from critical illness is also associated with significant

longterm impairments.
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1.3.5 Outcomes Of Critical Illness; Post-Intensive Care Syndrome,

Healthcare Use, and Survival

Critical illness is known to have long lasting consequences for patients. Framed in
the domains of physical, cognitive, and mental health impairments, these are collec-
tively known as Post-Intensive Care Syndrome (PICS) (Inoue et al. 2019). This triad of
domains can also be expanded and applied to the family members of patients (PICS-F)
and also broadened to a global view of patient quality of life, as well as the person’s

interaction with society (McPeake and Mikkelsen 2018).

Post-Intensive Care Syndrome is common, with a 2018 study noting 56% of survivors of
critical illness had new impairments in a single physical, cognitive, or mental health
domain 12 months after hospital discharge (Marra et al. 2018; McPeake and Mikkelsen
2018). This study included only patients without pre-existing impairments; a smaller
study from 2016 included both new impairments and worsening of existing impair-
ments, finding a similar proportion of all patients (54%) experienced worsening func-
tion in at least one domain of Post-Intensive Care Syndrome, 12 months after critical
illness (Maley et al. 2016; McPeake and Mikkelsen 2018). The smaller study is likely to
be more relevant to intensive care currently, with a growing proportion of patients

with pre-existing impairments or comorbidities being admitted.

1.3.5.1 Cognitive

PICS induced impairments in cognition include aspects such as: memory, executive
function and attention, and language (Inoue et al. 2019). In addition, critical illness
is associated with increased rates of cognitive illnesses such as dementia, with 15% of
critical illness survivors being diagnosed in the three years after hospital discharge,

in comparison to 12% in the general population (Inoue et al. 2019).
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1.3.5.2 Mental Health

In a 2013 cohort of all ICU survivors, 44% of patients reported being significantly
anxious or depressed 12 months after hospital discharge (Griffiths et al. 2013). Post
Traumatic Stress Disorder (PTSD) in critical illness survivors is thought to occur at
an incidence of approximately 20% (Latour et al. 2022). This increased incidence is
not limited to the patient. Among family members of patients who were admitted to
ICU, up to one third have symptoms associated with PTSD three months after hospital
discharge. This includes both family members of those who have survived and those

who have died in ICU (Latour et al. 2022).

1.3.5.3 Social

The hospital discharge location for a patient may also be affected by critical illness.
In an international cohort of patients with lung cancer treated in intensive care, 200
of the 449 patients (45%) remained alive at 6 months. Of these patients 141 were in
their own home at 6 months (32% of total, 70% of survivors), 30 were in hospital (15%
of survivors), and 14 were in hospice (7% of survivors) (Soares et al. 2014). Survivors of
critical illness are also observed to experience increased rates of hospital readmission

(Myles et al. 2017; Evans et al. 2012; Kinoshita et al. 2015; Cosgrove et al. 2019).

Another aspect affected by critical illness is the financial burden experienced by an
individual and their family. Among the 2013 cohort of general ICU survivors, 28% had
lost work 12 months after discharge (Griffiths et al. 2013). In a single site experi-
ence, a third (31%) of patients attending a critical illness follow up service requested
consultations with a social welfare service, requiring support with: welfare benefits,
return to employment, housing, debt, and legal advice (McPeake et al. 2019). An-

other 2022 study of caregiver’s experiences following critical care, where a caregiver
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was the person who provided most of the support for the person with critical illness,
found a rate of depression at 27% amongst caregivers prior to any specialist support.
The same study found caregiver strain (a measure that includes social, physical, and

financial strain) at 30%, and caregiver insomnia at 61% (McPeake et al. 2022).

1.3.5.4 Survival

Survival from critical illness is not guaranteed. The 2023-2024 Intensive Care National
Audit and Research Centre (ICNARC) report, included data from 263 adult general crit-
ical care units in England, Wales, and Northern Ireland. ICNARC reported an observed
critical care mortality of 12.5%, and an eventual hospital mortality of 16.6% among
the 190,320 patients admitted to critical care between 2023 and 2024 (ICNARC 2024).
Similar to the reduced longevity seen in patients with cancer and critical illness, ICU
survivors following any disease type are noted to have both shortened longevity and
increased healthcare utilisation. Using national registry data Lone et al. 2016 found
a 5 year mortality of 32.3% among ~ 5000 intensive care survivors in Scotland. This
cohort of patients contained adults admitted to general intensive care units with med-
ical and surgical admission types. McPeake et al. 2021 in their systematic review and
meta-analysis found pooled estimates for hospital re-admission after critical illness

at 29.6% at six months, and 53.3% at one year.
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1.4 Where Critical lllness and Colorectal Cancer Meet

1.4.1 Admission To Critical Care

To summarise the section beneath, patients with CRC are frequently admitted to crit-
ical care, through elective and emergency routes, and often receive organ support
during their stay. CRC is the solid cancer most commonly associated with ICU ad-
mission, and their ICU outcomes are comparable to patients with other significant
comorbidities. As such, there has been a shift in approach to how intensive care ap-
proach such patients, with a greater willingness to admit patients with cancer to

critical care.

Critical care admission is common for patients with colorectal cancer. Previous work
has identified 16% of patients with CRC were admitted to a general ICU within two
years of their cancer diagnosis being made (Puxty et al. 2015). Colorectal cancer
has been found to be associated with 44% of combined elective and emergency solid
cancer ICU admissions, and 17% of specifically emergency solid cancer ICU admissions

(Vincent et al. 2018; Puxty et al. 2018, 2015).

Investigating the nature of critical care admission, approximately 46% of patients with
colorectal cancer in ICU had been admitted to hospital as an emergency, and 48% of
CRC ICU patients (emergency and elective combined) received organ support during
their stay (Puxty et al. 2015). In a study of ICU treatment for all patients with solid
cancers, using information from 16 adult general intensive care units in Scotland from
2000-2009: CRC itself was the most common reason for ICU solid cancer admission
(almost exclusively for peri-operative care), CRC also had the lowest rates of organ

support in ICU when compared to other solid cancers (Puxty et al. 2015).
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A separate single centre study from Camus et al. 2014 (all patients admitted with CRC
admitted to the ICU of a single cancer hospital from 2003 to 2012), identified 70% of
patients admitted to intensive care with colorectal cancer had metastatic disease.
This is markedly higher than the above Puxty study from 2015, which identified 9.6%
of patients with metastatic colorectal disease in the colorectal cancer intensive care
cohort (Camus et al. 2014; Puxty et al. 2015). Part of this difference may relate to the
fact that the majority of Scottish ICUs in the Puxty study were not “cancer hospitals”
and likely have differing approaches to, and treatments for, patients with metastatic

cancer than seen in this French cancer hospital.

A patient with colorectal cancer may be admitted to critical care as a result of: their
cancer directly progressing, their cancer increasing the risk of other illnesses and in-
ducing them (e.g. venous thromboembolism), an intended admission for monitoring
and support after cancer treatment, an unintended admission as a result of compli-
cations from cancer treatment, and for reasons unrelated to their cancer admission.
Additionally, admission to critical care could be following emergency surgery for a
previously unknown colorectal cancer in the case of bowel obstruction or perfora-

tion. (Andréjak et al. 2011).

One in ten patients undergoing CRC surgery receive organ support in the post opera-
tive period (Dale et al. 2016). Patients that require organ support may have experi-
enced complications from their surgery or anaesthetic, or deterioration in co-existing
conditions. Factors associated with post-operative organ support include older age,

emergency surgery, social deprivation, comorbidities, and male sex (Dale et al. 2016).

There has been a cultural shift over the last twenty years in how ICU teams view
the likely prognosis of patients with cancer and critical illness. This is due to the
consistent improvement in survival from critical illness for patients with cancer. A

2011 report found patients appeared to be more likely to benefit from critical care
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when admitted early. Traditionally relevant predictors of poor outcome such as inva-
sive ventilation, invasive fungal infection, and even multiorgan failure became less
relevant than before (Azoulay et al. 2011). As such the authors of these recommen-
dations aimed to reposition cancer as a chronic condition in the eyes of clinicians,
highlighting the similarity in prognosis for patients with cancer to those with heart
failure or hepatic cirrhosis (Azoulay et al. 2011). In addition to noting the increased
likelihood of good critical care outcomes, the authors of the above piece highlighted
the uncertainty in likely admission outcomes, at the point of ICU admission. Similar to
recommendations for patients with potentially catastrophic brain injuries, and post
cardiac arrest, the authors recommended a “therapeutic trial” of admission in cases
with prognostic uncertainty. This admission would involve a short three day trial of
ICU treatments without limitation, to gain a clearer impression on the likely prognosis
of a patient with cancer and critical illness (Azoulay et al. 2011; Harvey et al. 2018;

Nolan et al. 2021).

Greater detail on the outcomes of critical care are provided in the section below.

1.4.2 Outcomes of critical care

1.4.2.1 Survival

For cancer patients in ICU, critical illness is the main determinant of short-term mor-
tality, and short-term outcomes are comparable to critically ill patients without can-

cer (Taccone et al. 2009; Puxty et al. 2018, 2014).
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In a 2014 systematic review of 48 papers, looking at both elective and emergency
admissions to ICU for patients with solid cancers, the average ICU mortality was 31%,
with hospital mortality at 38% (Puxty et al. 2014). On first glance this is a substantially
greater mortality than the 12.5% critical care mortality and 16.6% hospital mortality
reported by ICNARC (ICNARC 2024). Some important clarification is that ICNARC re-
ported critical care mortality (ICU and HDU), where Puxty et al. 2014 reported ICU
mortality only. The four papers in the systematic review that reported CRC specifi-
cally had an average ICU mortality of 19%, and hospital mortality of 35% (Puxty et al.
2014).

In this review, factors that increased likelihood of death in ICU included: any form
of organ failure, with invasive ventilation having the greatest increase in risk; an
acute medical admission rather than surgical, and patients admitted as an emergency
(Puxty et al. 2014). The authors of this review were able to support their findings with
a multi-centre retrospective study; showing whilst average ICU mortality was 20% for
all patients with solid organ cancers, this rose to 35% for the subset of cancer patients
requiring organ support, 40.7% for emergency admissions, and 53% for patients ad-
mitted through medical specialities (Puxty et al. 2015). A later study in 2018 looking
specifically at patients admitted emergently to ICUs across Europe, found hospital

mortality in those with colorectal cancer to be 50.5% (90/178) (Vincent et al. 2018).

When investigating longer term outcomes, the five papers in the systematic review
that provided one year mortality information (for all solid cancers) found a wide dis-
tribution, from 36-88% (Puxty et al. 2014). A 2021 study looking at non-elective ICU
patients (with both solid and haematological cancers), found ICU and hospital mortal-
ity rates comparable to the 2014 review. Specifically for those who survived hospital,
the authors found an additional 28% six month mortality, a 41% one year mortality,
and a 50% two year mortality. After taking into account those who died in hospital this
becomes: a 60% six month mortality, a 67% one year mortality, and a 72% two year

mortality (Zee et al. 2021). The 2014 review of patients with solid cancers admitted
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to surgical ICU either electively or emergently, found a lower six month mortality
(31%), and four year mortality (61%) (Puxty et al. 2014). These differences may be
accounted for by haematological cancers being associated with poorer outcomes, and

elective procedures being associated with better outcomes.

When comparing patients with cancer who experience critical illness and those who
do not, one year mortality is higher in those with some measures of critical illness. A
single retrospective cohort study of 400 patients from 2000 found one year mortality
in patients with cancer and admission to intensive care to be 77%, compared to 45%

in those with cancer without ICU admisison (Staudinger et al. 2000).

There is a growing body of work to support the treatment of patients with cancer
during critical care admission like those with other chronic illnesses, starting to an-
swer the question of “cancer” versus “no cancer” in critical illness outcomes (Taccone
et al. 2009; Puxty et al. 2018, 2014). Complementary to this. as noted above there
are studies that start to approach the other comparison of “critical illness” versus
“no critical illness” amongst patients with cancer, particularly with regards to ICU
and one-year survival (Staudinger et al. 2000). However at the time of writing, the
impact of critical illness on subsequent cancer outcomes and adjuvant chemotherapy
remains poorly studied. There are key gaps in the literature regarding how critical

illness impacts:

» Receipt of Subsequent Colorectal Cancer Care - Particularly Adjuvant SACT
« The Relative Quality and Intensity of Subsequent Colorectal Cancer Care

» Long Term Colorectal Cancer Care Outcomes Following Critical Illness

The current evidence base is not non-existent, but it is sparse. One article identified
admission to Intensive Care as a factor associated with decreased likelihood of re-
ceipt of adjuvant chemotherapy for colorectal cancer. In this work from Kim et al.

2015, for patients with Stage Il or Ill CRC, admission to Intensive Care was associated
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with hazard ratio of 2.4 for subsequent omission of adjuvant chemotherapy in mul-
tivariate analysis (Kim et al. 2015). In their work they did study but did not find any
differences in the numbers of patients admitted to intensive care experiencing de-
lays when receiving adjuvant SACT (Kim et al. 2015). Unfortunately Kim et al. 2015 in
their work refer to ‘Intensive Care Admission’ rather than providing clarity about the
level of critical illness, and provide no additional information on the details of such
an admission. One other study has identified ‘prolonged mechanical ventilation’ as a
factor associated with increased odds of adjuvant chemotherapy omission (adjusted
OR 7.36, Cl: 2.77-19.6) (Merkow et al. 2013). Through use of ‘prolonged mechan-
ical ventilation’, more detail is provided on the severity of critical illness beyond
intensive care admission. Unfortunately Merkow et al. 2013 do not provide details
on the number of patients experiencing prolonged ventilation, considering this group
to be one form of post operative complication amongst many. As they report 15%
of the total 1,714 patients experienced any complication, that the most frequently
occuring complication had a rate of 10% (170), and the least common occuring had
a rate of 1% (17), it seems that the cohort who experienced prolonged ventilation
had a size between 17 and 170 patients. Considering the wide confidence intervals in
their reported findings, and that they do not report association with delay on adju-
vant chemotherapy (presumably being unable to due to small group sizes), it appears
likely that Merkow et al. 2013 group of patients with prolonged ventilation are small

(Merkow et al. 2013).

Outside of CRC specifically, Benguerfi et al. 2024 studied patients with all forms and
stages of solid organ cancer who were admitted to ICU, and the factors associated
with cancer treatment resumption. Of their 219 patients, 23 had colorectal cancer.
Within their total cohort, 81 (59.6%) received any form of cancer treatment after ICU

discharge.
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With regards to long term cancer outcomes after intensive care admission, one single
centre study provides information on 18 month survival, for patients with a range
of 20 cancer types (Praca et al. 2024). In their study of 3,348 patients including 312
admitted to ICU (with 401 CRC, 54 admitted to ICU), Praca et al. 2024 note that
admission to ICU was associated with reduced 18 month survival (HR, 1.84; 95% Cl,
1.29-2.64). With a similar criticism to papers mentioned above, whilst Praca et al.
2024 provide novel information, the relevance is difficult to interpret due to the
combination of multiple cancer types and cancer stages in their analysis. Like other
papers, they are also limited by the description of Intensive Care Admission, rather

than any greater specificity on the level of critical illness.

1.4.2.2 Physical and Health Related Quality of Life

Among patients with haematological and solid malignancies admitted to ICU, among
survivors one year after admission, measures of health related quality of life are lower
than before admission (Oeyen et al. 2012; Normilio-Silva et al. 2016). This deterio-
ration is greatest among patients with haematological malignancies when compared
to those with solid cancers. Of note, survivors with gastrointestinal cancers had the

highest measures of quality of life (Oeyen et al. 2012).

EQ-5D is a measure of health related quality of life and uses a scoring system that
includes mobility, self care, activities, pain, and anxiety/depression, scored from 0
(worst possible), to 100 (best possible) (Balestroni and Bertolotti 2015). A 2022 study
of mixed ICU survivors predominantly without cancer; survivors experiencing usual
care (i.e. no access to specialist follow up clinic), had median scores of 55. When

comparing these results to a population based norm across similar age ranges, the
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population average score for EQ-5D would be approximately 80-90 (Henderson et al.
2022; Janssen et al. 2021). Targeted interventions can improve EQ-5D scores, this
study found the median score in those receiving specialist follow up increased to 70

(Henderson et al. 2022; Janssen et al. 2021).

When looking at a cohort of medical and surgical intensive care patients, including
those without malignancies, a 2013 study found that 6 months after hospital dis-
charge, approximately one in four survivors required assistance with activities of
daily living (Griffiths et al. 2013). Among the same cohort 73% reported moderate
to extreme pain 12 months after ICU discharge (Griffiths et al. 2013).

A 2018 systematic review reported moderate to high quality evidence that patients
who experience critical illness have impairments in all measurements of the WHO
International Classification of Functioning, Disability and Health Framework (Ohtake

et al. 2018).

1.4.2.3 Performance Status and Frailty

Emerging from the interplay between physical, psychological, and social states of an
individual; frailty reflects an individual’s ability to interact with the world around
them (their functional status), and their ability to recover from illness and injury. As
a syndrome it is greater than a patient’s list of co-morbidities, physical impairments,
or muscle mass and respiratory capacity. Rather it is considered more of a global

(ilh)health state (Ginesi et al. 2022; Winter et al. 2021; Brummel et al. 2020).
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Traditional administrative datasets fail to routinely collect information on the pa-
tient and the ways they experience and interact with the world around them. As a
result many electronic frailty indices are closer to comorbidity indices. In response,
some work attempts to distinguish between ”medical frailty” and ”functional frailty”
(Street et al. 2021; Ginesi et al. 2022). Frailty indices that use comorbidity informa-
tion such as the Hospital Frailty Risk Score (HFRS) can still aid in prediction of hospital
survival and other relevant measures. The HFRS uses cluster analysis to determine a
set of diagnoses (ICD-10 codes) that correspond with frailty syndrome in older pa-
tients. As a medical model of frailty, the HFRS shows some agreement with more
functional measures of frailty such as the Rockwood Frailty Index (Clinical Frailty
Score) when predicting patient outcomes (Gilbert et al. 2018; Street et al. 2021).
Unfortunately, as described in more detail later, my work in this thesis suffers from
the same limitation, where frailty had not been captured in routinely collecting data.
As of 2020, data collected for critical care patients in Scotland now routinely includes

a measure of frailty, the Clinical Frailty Score (CFS).

Another measure of global health and performance status, the Eastern Cooperative
Oncology Group score (ECOG) is a commonly used measure among patients with can-
cer, and can be used to identify potential contraindications to SACT and other treat-

ments (Argilés et al. 2020).

Table 1.7 demonstrates the different grades of ECOG and how they relate to a person’s

physical ability (Oken et al. 1982).

One 2021 study looking at elective patients admitted to critical care, found both an
association with critical illness and worsening performance status, and a relation-
ship between poor initial ECOG and likelihood of not surviving critical illness. With
the work of Kim et al. 2015 above, a potential explanation for decreased receipt of

adjuvant SACT would be through the worsening performance status of patients who
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Table 1.7: ECOG Performance Status Scale
Grade ECOG Performance Status

0 Fully active, able to carry on all pre-disease performance without restriction

1 Restricted in physically strenuous activity but ambulatory and able to carry out work
of a light or sedentary nature, e.g., light house work, office

Ambulatory and capable of all self-care but unable to carry out any work activities;

2 up and about more than 50% of waking hours

3 Capable of only limited self-care; confined to bed or chair more than 50%
of waking hours

4 Completely disabled; cannot carry on any self-care; totally confined to bed
or chair
Dead

experience critical illness. Another potentially overlapping explanation for any de-
creased SACT receipt would be through the impact of PICS as detailed above. Despite
this average worsening in ECOG, of those that survived to two years post ICU admis-
sion, the majority (77%) had a good ECOG status of 0 or 1 (Zee et al. 2021). This may

be related to increased mortality among patients with worse ECOG status.

1.4.2.4 The Cancer Journey Following Critical Care - All Forms of

Cancer

It is important to note that despite the increased limitations noted above, previous
work investigating patients with haematological and solid malignancies, found the
vast majority (92%) of interviewed ICU survivors expressed a preference to be read-

mitted to ICU in a future critical illness (Oeyen et al. 2012).

When investigating cancer treatment and illness progression after critical illness, the
2014 study of patients with lung cancer treated in ICU, found 26% of hospital survivors
had experienced cancer progression or recurrence at 6 months. Further anticancer
treatment was recommended to 39% of hospital survivors, and in 34% the anticancer
plan required reduction or modification. This reduction or modification of treatment

was associated with an increased mortality in patients (Soares et al. 2014).
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In a separate study of 76 patients with Lung Cancer and Critical Illness, among the
patients admitted to critical care there was a 65% hospital mortality. Among hospital
survivors, only four patients (4/27) subsequently underwent lung cancer treatment

(Andréjak et al. 2011).

There is a paucity of information on subsequent anticancer therapy, or outcomes
broader than survival, among patients with colorectal cancer who experience critical
illness. A 2014 single-centre study of 65 CRC patients who survived an ICU admission,
found 31% were unable to continue with their planned SACT following ICU discharge.
Adherence to the planned SACT regimen after discharge was a strong predictor of
longer term survival. However this study was unable to explore which factors were
associated with changes to treatment plans (Camus et al. 2014). The majority of these
trials are greater than a decade old. As such they may no longer reflect either the
changing practices of admissions of cancer patients to intensive care, nor the current
practices and outcomes in CRC management. As such we require more recent, more

precise estimates on CRC outcomes following critical illness (Puxty et al. 2018).

In addition to mortality, other measures of how a patient and their family experience
their death can be considered relevant. Place of death and the interventions during
dying are associated with the quality of dying and death (Gutiérrez-Sanchez et al.
2021). Cancer care interventions can be associated with differing experiences of dy-
ing. A 2014 UK study found patients receiving chemotherapy when terminally ill were
more likely to undergo CPR, treatment in intensive care, and death in intensive care
(Wright et al. 2014). As noted earlier, death in critical care is a common occurrence
for those admitted. On a national level, a retrospective study of over 700,000 deaths
in Scotland found similar numbers of patients dying in critical care (5.1% of all deaths)

when compared to hospices (6.1%) (Mayes et al. 2021).
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1.4.3 Unanswered Questions and Aims of Thesis

Critical illness is common among patients with colorectal cancer. How critical illness
affects the likelihood and quality of subsequent anticancer treatment in colorectal
cancer is poorly understood. Both critical illness and cancer are seen to impair longer
term survival, function, and patient and family centred outcomes. It is less clear how
cancer and critical illness interact, whether there is an additive or even synergistic

association with the above factors.

As such, this work aims to investigate the outcomes folloing critical illness for patients
with colorectal cancer. After initially describing the demographics of those with col-
orectal cancer in Scotland, it will assess the differences in demographics between

three main cohorts:

» “Ward Care”: Those who are admitted to hospital but not critical care:

» “Monitoring”: Those who are admitted to critical care but do not receive organ
support.

e “Organ Support”: Those who are admitted to critical care and receive organ

support.

In making this stratification into three groups, we will add novel information to the

literature, where previous work tended to stratify only by ICU admission or not.

Considering that patients who present to hospital electively or emergently have likely
already commenced on different cancer journeys, this thesis will also stratify by na-
ture of admission, resulting in a total of six subcohorts. This will be expanded upon

in the following chapters.
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Within each chapter | will describe each subcohort, differences between each sub-
cohort, and use bayesian modelling to identify factors associated with any identified

difference.

To further establish the scope of work for this thesis, and its methods, the following
three chapters act to describe practicalities and rationale behind methods, as well
as an overview of the total cohort demographics. Chapter 2 explains and justifies the
use of a Bayesian statistical framework for this thesis. Chapter 3 describes the meth-
ods to compile and clean the provided datasets into datasets suitable for analysis.
Chapter 4 provides an overview of the demographics of the cohort of patients within

this dataset, as well as describing key differences between each of the six subcohorts.

After establishing the foundations in the above chapters, the questions this thesis

attempts to answer in the following chapters are:

» Chapter 5: Does surviving critical illness affect the quality of CRC care as mea-
sured by the Scottish QPI system?

» Chapter 6: Does surviving critical illness affect the quality of CRC care in relation
to SACT receipt, form, quality, and intensity?

» Chapter 7: Does surviving critical illness affect the long term survival likelihood

for patients with CRC?

As mentioned at the start of this chapter, the majority of my work takes a perspective
more suited to assessing post critical illness cancer outcomes, that may be most rel-
evant to those working in Oncology. Additionally, the chapters listed above will take
a non-causal approach to the question of critical illnesses association with cancer

outcomes.
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In the three years since beginning this work, there has been a growing understand-
ing and appreciation for causal models in the medical literature. The final chapter,
Chapter 8, will take a more causal approach to the question of interest. In the final
chapter, rather than investigating solely the cohort of patients who survive critical
care, | will investigate critical care outcomes for all critical care admisisons, and can-
cer outcomes for those who survive their hospitalisation. In doing so | will be able to
comment more strongly on any identified causal impact, and take the perspective of

a critical care clinician, at the point of critical care admission.

Taking on my perspective of a critical care clinician, this final chapter will stratify
patients in critical care more clearly by severity of illness, seperating those who
received no organ support, short courses (< 24hours) or long courses (> 24 hours) of

organ support in critical care.



Chapter 2

Bayesian Statistics

2.1 Introduction

The aim of this methodology chapter is to explain and justify the Bayesian statistical
techniques found in this thesis. Understanding that the likely audience are clinicians
trained with and used to more classical frequentist approaches, this chapter will
provide a rationale for the use of a different paradigm. It explains Bayesian statistics
in two stages; first a conversational summary of Bayesian principles, second a more
detailed description of how Bayesian clinical papers could be presented. In this second
section, | provide the perceived advantages of a Bayesian approach, and my own
rationale for using this statistical method. In the final third of this chapter, | describe

the workflow | used for each question of interest.

The first third of this chapter introduces the key terms and concepts in Bayesian in-
ference; taking the reader from a point of no previous exposure to Bayes to a place
where they could follow a conversation. This section will introduce the concept of
probability distributions, prior and posterior probabilities, different forms of these
distributions, as well as likelihood. Finally the first section will introduce Bayes The-

orem, as well as the marginal likelihood.

51



2.1. Introduction 52
The second section of this chapter builds on these introductory components, and aims
to provide the reader with the knowledge required to read and critique a Bayesian
clinical trial. Focusing on the Results, Methods, and Discussion sections of such a trial,
this section explains the commonly reported statistics seen in the results section,
describes what a reader should expect from the methodology section, and compares
the perceived advantages and disadvantages of Bayesian techniques to frequentist
approaches. It is these advantages that prompt my own use of Bayesian techniques

in this thesis.

The final third of this chapter provides the template | developed for my own analyses.

As noted in Chapter 1, Chapter 8 has been developed as a relatively stand-alone
chapter, with some differences in methodology. These differences are detailed more

clearly in the methods section of Chapter 8.

2.2 Step One - The Ground Work: Enough Theory For a

Conversation

2.2.1 Bayes in a Single Sentence

In a broad-brushed sense, Bayesian statistics allows us to: numerically describe our
estimated beliefs before testing a hypothesis, describe how strongly we hold these

beliefs, and update these beliefs after we receive new information.
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2.2.2 Parameters

To describe our belief in a hypothesis, and to describe the hypothesis itself, we use
a variety of values. These values are referred to as the parameters or parameter
estimates of a statistical model. Example parameter estimates could include; the
probability of a single event occurring (a patient’s illness resolving), how many events
we expect to occur if we were to run a trial on multiple patients, and our certainty

in the above two estimates being true (Kurt 2019).

When describing these parameter estimates, which can either be inserted into or re-
trieved from a statistical model, the first difference between Bayesian and frequen-
tist techniques appears. Unlike a frequentist approach, a Bayesian statistical model
does not take or produce point estimates (a single value to represent the parameter).
Instead, a Bayesian model takes and produces the parameter estimates as probability
distributions, which represent the range of possible values as well as how likely each
value is. As an example: rather than saying the percentage chance of a single event
occurring is 60%, a Bayesian model might describe a range of values from 30% to 90%,
with values closer to 60% being more likely than the values at the limits of the range,

as shown below in Figure 2.1.
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30% 60% 90%

Figure 2.1: Probability distribution (solid outline) compared to the point estimate (dashed).
Reproduced with permission from Taylor et al. 2025.

How these distributions are denoted depends on the family of the distribution being
used. One family well known to clinicians would be the normal or Gaussian distribu-
tion. In this we can define the central point of the probability distribution (the mean,
1), and the size of the tails spreading out either side of the central point (through the
standard deviation, ). We can note the probability of our event of interest occurring
as P(6), where P stands for Probability, and 6 (theta) means the parameter we are

interested in describing (Kruschke 2014) :

P(0) =Normal(u, o)

In Figure 2.1 the plotted probability distribution can be described by:

P(6) =Normal(u =0.6,6 =0.1)
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2.2.3 Distributions

These probability distributions of parameter estimates allow us to describe what we
believe to be true about a certain hypothesis. We can use probability distributions
to describe our beliefs both before we gain additional information from a clinical
trial, and after that new information has been taken into account. The probability
distribution describing our belief before we get new information is known as the prior
distribution, the distribution after additional information is taken on board is known

as the posterior distribution.

2.2.4 Prior Probability Distributions and Shape of Distributions

Our prior distribution allows us to describe our belief in a hypothesis (e.g. the size
of a treatment effect) before our trial collects any new information on the subject.
However this does not mean that a prior distribution itself has to be based on no
information. Our prior distribution can be shaped by any relevant information, such
as previous clinical or laboratory work. Here one of the major criticisms of Bayesian
analysis starts to raise its head: how we interpret previous studies can be subjective.
If done without caution this subjective nature could push our prior distribution too
far towards assuming benefit or harm, which in turn could shape our results in a way

the trial data do not suggest.

The shape a prior distribution takes can be described in terms of the certainty it has,

and the place it sits from benefit to harm.
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First, if we were to take a prior distribution that was centred on the most likely
outcome being “no treatment effect”, we could refer to this as a neutral distribution.
If we increased our certainty of there being no treatment effect, reducing the range
of possible values and decreasing the probability of benefit or harm, we would have
created a more informative prior, known in this case as a sceptical distribution. In

Figure 2.2, the example informative prior is a sceptical prior.

If we were to decrease the strength of our belief in no treatment effect, stretching
the range of possible values much further into benefit and harm, we would have
created an uninformative or diffuse prior. One form of an uninformative prior, which
states that all outcomes are equally probable, is called a flat prior. As shown in Figure

2.2, the shape of a flat probability distribution is a flat line.

If we interpreted previous information as suggesting there was a treatment effect,
and push the majority of our probability distribution towards that, our prior proba-
bility distribution can be referred to as an optimistic or enthusiastic prior. Like our
neutral prior, depending on the strength of belief, this distribution could be strongly
or weakly informative, changing from a plot of sharp peak to a rolling hill. Last, if we
were to interpret previous information as saying there was harm from treatment, we

would create a pessimistic prior distribution.

At this point a reader may feel that Bayesian research could not be objective, consid-
ering the different forms each prior could take. This context dependent nature be-
comes potentially more concerning, when we note that these terms above are purely
descriptive and not strictly defined. If previous evidence were to imply a treatment
benefit, and we shaped our prior to model this as accurately as we could, not partic-
ularly pushing it in an even more optimistic or pessimistic direction, then you can end
up with the seemingly conflicting situation where a probability distribution states the

most probable outcome is benefit, and yet gets called a “neutral prior”.
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How the choice of prior distribution is accounted for is described further in section
2.3.2.1, butin brief, clinical trials using a Bayesian approach are expected to: provide
justification of their use of prior distributions, use a variety of prior distributions, and
show how their choice of prior distribution could affect the results of an analysis. An
initial defense of Bayesian assumptions (revisited in section 2.3.3.4), may also state
that some of the subjectivity of a Bayesian analysis also exists in frequentist trials, and
that the Bayesian approach is merely more “up-front” about its assumptions (Kruschke

2014; Schoot et al. 2021; Zampieri et al. 2021) .

I' Pessimistic D Neutral - Optimistic

:_ : Flat I:I Informativef Uninformative

Figure 2.2: Illustrative prior distributions showing: (A) distributions with differing central
points (pessimistic, neutral, optimistic), and (B) distributions with differing levels of
information (informative, uninformative, flat). Reproduced with permission from Taylor et al.
2025.
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2.2.5 Likelihood

As noted so far, a piece of clinical research that takes a Bayesian approach will gen-
erate a prior distribution and assess how new information shapes it into a posterior

distribution.

For us, this new information will be the evidence collected by clinical research. To
assess how probable it is that our hypothesis is true, we take into account the “like-

lihood” of our evidence.

Likelihood in this context means: “If we were to assume that our hypothesis described
by the prior distribution is true, how likely would it be for us to get the trial outcomes
that we did?” The implication of unlikely data being observed, is that either our trial
is just a rare occurrence and the hypothesis is still true, or that there are problems

with our hypothesis and our beliefs need to change.

In this description of likelihood, we are talking about the probability of one thing
occurring (our observed data) if another condition was met (our hypothesis being
true). This type of probability is referred to as a conditional probability, and is noted
as P(B | A) which stands for the probability (P) of our trial evidence (B) occurring if
the hypothesis (4) were true.

Our description of a likelihood has some similarities to the principles underlying Null

Hypothesis Significance Testing, and these are explored further in section 2.3.1.7.
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2.2.6 Posterior

Our observed evidence (in the likelihood) and our prior probability distribution are
combined to form our new estimate, the posterior probability distribution. In com-
bining the prior and likelihood, their relative sizes and strengths are taken into ac-
count. A trial of 1000 patients will have more influence on how a probability distri-
bution changes than a trial of 10 patients would. A prior distribution we are more

certain in will be harder to be shifted by new evidence (Kurt 2019).

As the basis of the results of our trial, this posterior distribution may be described
graphically, or with summary figures (described in section 2.3.1) Additionally if we
were to run a future clinical trial, we could use this posterior distribution as the new

prior distribution.

2.2.7 Bayes’ Theorem and Marginal Likelihood

At this point it feels reasonable to introduce Bayes’ theorem. Named after the work
of Reverend Thomas Bayes who wrote in the 1700s, and expanded on by the work of

Pierre-Simon Laplace (Schoot et al. 2021) .

Bayes’ theorem describes the relationship between our prior estimates of the proba-
bility of our hypothesis (P(A)), the likelihood of our observed evidence (P(B|A)), and
the posterior estimates (P(A | B)). Here we have also described the posterior distri-
bution as a conditional probability. It is the probability of our original hypothesis (A)

being true, given we observed certain outcomes (B) in our trial.

The theorem itself can be written as:
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P(A).P(B|A)

PAIB) = =5

In the theorem above there is one last component yet to be described: P(B). This
is the marginal likelihood or marginalised likelihood, and can be thought of as the
likelihood of the observed evidence, regardless of which underlying hypothesis is true
(Kurt 2019; Kruschke 2014). As an example: in a trial where we saw 7 out of 10
patients survive, and we want to estimate the probability of survival for any individual
patient, the likelihood (P(B | A)) is based on the likelihood of data occurring under one
hypothesis (say that the percentage chance for an individual patient was 50%). The
marginalised likelihood considers all hypotheses, from the percentage chance being

just greater than 0%, to just below 100% (Kruschke 2014) .

It is this marginal likelihood that makes calculation of the posterior probability dis-
tribution often computationally intense, and sometimes impossible. To sidestep this,
modern statistical techniques use MCMC (Markov Chain Monte Carlo) to take sam-
ples of the posterior distribution, allowing an estimated posterior distribution to be

shaped.

2.2.8 Summary

The first section of this chapter introduced terms and concepts required for an initial
overview of Bayesian analysis. Describing probability distributions, how Bayesian ap-
proaches take prior beliefs and the likelihood of any observed information, to form

posterior estimates about the probability of our hypothesis. Additionally this sec-
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tion introduced different ways a prior probability distribution could be shaped, and
the potential this has to skew subsequent results, before describing Bayes’ theorem,
the marginal likelihood, and briefly touching on the concept of sampling from the

posterior distribution.

The second section will introduce concepts required to understand and critique a
Bayesian clinical trial. It will describe methods used to summarise the posterior dis-
tribution, as well as methods to compare hypotheses. The second section will also
introduce methods that can be used to account for the choices of prior distribution
through sensitivity analysis, as well as describing other advantages and disadvantages

of Bayesian techniques compared to frequentist in a clinical research setting.

2.3 Step Two - Bayesian Journal Club

This section takes the assumption that readers have been involved in interpreting
frequentist clinical research papers at a journal club level. As such, it highlights the
key differences in results, methodology, and discussion for a Bayesian research pa-
per. This section uses pre-existing guidance on how Bayesian research should be pre-

sented, that have been published in non-clinical, clinical, and critical-care contexts.
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2.3.1 Results: Posterior Distribution

2.3.1.1 Summarising Posterior Distribution: Point Estimates and Cred-

ible Intervals

In a Bayesian analysis of a clinical trial, results are presented and interpreted through
use of the posterior distribution. Consensus guidance on how to present Bayesian anal-
ysis recommends that a posterior probability distribution should be shown as a plot
(Ferreira et al. 2020a; Zampieri et al. 2021). However, this recommendation isn’t
universal as Kruschke, a statistician writing on the subject, argues that in most con-
texts simple distributions can be adequately described numerically (Kruschke 2021).
All authors tend to agree that the majority of distributions can and should be de-
scribed with a mixture of point estimates and ranges (Kruschke 2021; Ferreira et al.

2020a; Zampieri et al. 2021) .

2.3.1.2 Central Tendency

As a first example of a point estimate, stating the central tendency of a posterior
distribution is recommended by consensus guidance (Ferreira et al. 2020a; Zampieri
et al. 2021; Kruschke 2021). The central tendency describes the centre of the “peak”
of a posterior distribution, where the most probable estimate for the value of interest
lies, as shown in Figure 2.3. In a fully symmetrical distribution this point may be the
mean, however it is uncommon for a posterior distribution to be fully symmetrical
(Kruschke 2014). Instead, either the median or mode tend to be recommended as
point estimates for central tendency. Which measure is most appropriate depends on
the nature of the posterior distribution and the form of outcome variable (Kruschke

2021).
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If we consider the central tendency to be a way of describing our “best guess” of
the true value of a model’s outcome, we can consider the spread of the distribu-
tion around the central tendency, in the form of the credible intervals, as a way of

describing our (un)certainty.

Central Tendéncy (Median)
2.5% Crl 97.5% Crl

Density

__ N

0.8 1.0 1.2 1.4 16 1.8
Odds Ratio

Figure 2.3: Posterior distribution showing central tendency with 95% credible intervals.
Reproduced with permission from Taylor et al. 2025.

2.3.1.3 Credible Intervals

Kruschke, Ferreira, and Zampieri all recommend that as well as a central tendency,
results of a Bayesian analysis should also include measures of a credible interval (Fer-
reira et al. 2020a; Zampieri et al. 2021; Kruschke 2021) . Similar to the central ten-
dency, the specific method used to describe credible intervals will depend on the
form of the posterior distribution. Readers of a paper may see reference to tech-
niques such as the “highest density interval” or “equal tailed intervals” (Kruschke

2021) .
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Clinicians may be familiar with reviewing confidence intervals in a frequentist anal-
ysis and consider a 95% confidence interval to represent the range of values where
we can be 95% confident that the “true” value sits. Unfortunately this is a misin-
terpretation of a 95% confidence interval, and is closer to describing a 95% credible
interval. A 95% credible interval describes the spread of the posterior distribution
between two values, a lower and upper limit. We can say the true value of our out-
come variable sits within this upper and lower limit, with a 95% probability of being
correct. In contrast a confidence interval means something arguably less intuitive. A
95% confidence interval also describes a range of values with a lower and upper limit.
However, here “95” means that if we were to repeat our experiment infinitely, 95%
of the produced confidence intervals would contain the true value of our outcome
variable (Ferreira et al. 2020b). At this point, a potential advantage of Bayesian anal-
ysis becomes apparent; if credible intervals are closer to what we intuitively think
of when using confidence intervals, we might as well use an analysis that provides a

credible interval.

2.3.1.4 Probability of Effect

In critiquing a Bayesian piece of clinical research, our outcome variable will depend
on the clinical trial, similar to frequentist clinical trials. Some example forms of the
outcome variable include: estimates of the odds ratio or log odds ratio for an in-
tervention, the absolute risk reduction, or relative risk reduction (Zampieri et al.
2021; Yarnell et al. 2021). Using measures of odds ratio or risk reduction, our results
would report whether an intervention or risk factor is associated with an effect on

the outcome of interest.
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In classical frequentist trial interpretation, we start to come up against problems of
“statistical” versus “clinical significance”. In this dichotomy we see the potential sce-
nario where an intervention has a measurable effect (is “statistically significant”),
whilst the effect is not of enough magnitude to be relevant in a clinical context (“clini-
cally significant”). Whilst the term “statistically significant” is not directly applicable
to Bayesian research, there is a comparable set of concepts that may be reported in
a Bayesian paper. In a Bayesian clinical paper we can expect to see results sections
that report the presence of an effect regardless of magnitude, and also report the

probability of an effect size large enough to be relevant to clinical practice.

2.3.1.5 Probability of Any Effect: Probability of Direction

One measure for effect regardless of size is the Probability of Direction (PD).

In an example clinical trial, where the outcome measure is the probability of cure
from illness, we might plot a probability distribution of our estimated Odds Ratio
(OR), where an OR of less than one indicates a decreased odds of cure, and an OR of
greater than one indicates an increased odds of cure. In this context, the PD would
summarise how much of the bulk of the probability distribution sits either side of
one, and so can be inferred as summarising the probability of a treatment effect
existing in a certain direction (helpful or harmful). Ranging in values between 0 and
100%, in the context of our example trial a PD of 95% can be interpreted as a 95%
probability of the odds being greater than one, and there being positive treatment
effect, where a PD of 5% would mean a 95% probability of the odds being less than
one, and treatment having a harmful effect. A PD of 50% would mean there is no
certainty in the treatment having a positive or negative treatment effect. Similar

to a frequentist p-value, the PD does not provide any estimate on treatment effect
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size (Makowski et al. 2019b,a). The PD can though provide useful information about
the probability of the presence or absence of a treatment effect. Routinely however,
clinical researchers and those reviewing their papers would wish to know about the

probability of an effect size large enough to be clinically meaningful.

2.3.1.6 Probability of “Clinically Significant” Effect

One of the measures used to estimate the probability of a clinically significant effect
size, in fact looks for the opposite of this. ROPE (Region of Practical Equivalence),
describes the probability that an intervention’s effect size is below a predetermined
threshold of clinical significance. As clinical significance is context dependent, most
guidance expects the authors to provide not just the measure of ROPE, but also the
thresholds used for clinical significance, and justification for these (Ferreira et al.
2020a; Zampieri et al. 2021; Kruschke 2021). It is not common for the PD to be rec-
ommended as output in a Bayesian clinical paper, but most guidance do recommend

including the measures of ROPE (Kruschke 2021; Zampieri et al. 2021).

ROPE is not the only measure for clinically (in)significant results. Another example
used by Yarnell and colleagues, reported the probability that an outcome’s effect
size was greater than a predetermined “minimum clinically important difference”
(MCID). In doing so they are in effect reporting an “one-directional inverse ROPE”,
although they do not describe it as such. In their article, Yarnell et al. 2021 took the
convention of reporting an intervention with >50% probability of having an effect size

greater than the MCID, as being of “potential benefit” (Yarnell et al. 2021).
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A threshold of MCID set at “more probable than not”, is certainly a necessary bar
to cross, however in certain contexts it may not be sufficient to recommend treat-
ment with this level of certainty. Yarnell recognises this and suggests that for certain
treatments a higher threshold of certainty may be required (Yarnell et al. 2021).
Other authors expand on this, highlighting in certain circumstances you may wish not
only to report a variety of thresholds of confidence in reaching MCID, but also the
probability of a treatment being associated with a larger effect size. In their recom-
mendations for Bayesian analysis of clinical trials, Zampieri et al. 2021 recommend
reporting the probability that a treatment is associated with “outstanding benefit”,
and “severe harm”, as well as the above measures of MCID or any effect (Zampieri

et al. 2021).
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Figure 2.4: Posterior distribution split at regions for harm (I), ROPE (II), mild benefit (III),
and outstanding benefit (IV)

Figure 2.4 uses some illustrative thresholds for ROPE and clinically significant benefit
when reporting the posterior estimate of Odds Ratio for treatment. In this example
the percentage change of clinically significant benefit would be the sum of “Mild”

and “Outstanding Benefit” (Zampieri et al. 2021).
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The methods described above have an element of subjectivity, different groups of
people will have their own opinion of what is a meaningful effect size, and what is a
good enough chance of that effect size existing. Kruschke emphasises the importance
of both recording and justifying any such “decision thresholds”. He also raises the ar-
gument that our desire to declare an intervention to be significant or not could simply
be a form of “compliance with ritual”, and that an alternative approach would be for
authors to simply summarise the posterior distribution and leave the results at that
(Kruschke 2021). However whilst there may be an ideological purity to this sugges-
tion, it is self evident this would not make the task of interpreting research practical
for day-to-day clinical work. Zampieri et al. 2021 take a different approach, recom-
mending that predetermined setting of MCID and other metrics allows for less poten-
tial bias, increased transparency, and increased repeatability (Zampieri et al. 2021).
Additionally, that a Bayesian analysis can report multiple probabilities of different
effect sizes, without falling foul of the risks of repeated analysis, is an advantage in

comparison to frequentist analysis, as noted in section 2.3.3.2.

2.3.1.7 Comparing Likelihoods: Null Hypothesis Significance Test-
ing

The methods of summarising the posterior distribution described so far, attempt to
report the probability of any effect size as well as the magnitude of an effect size.
In frequentist reporting of clinical trials, the question of any effect size is usually

approached with Null Hypothesis Significance Testing (NHST).

In this paradigm of frequentist NHST, trial data is assessed at how likely it would
be to occur, if the null hypothesis (of no treatment effect) was correct. If the data
would be considered extremely unlikely to occur when the null hypothesis was true,

occurring less than 5% of the time in such a scenario, the null hypothesis is rejected.
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This technique is not testing the probability that the alternative hypothesis is true,
nor is it testing the probability that the null hypothesis is correct or incorrect, instead
it is looking at how likely it would be to see the observed data if the null hypothesis

was true (Sidebotham and Barlow 2022).

Phrased in that way we see our classical approach to clinical trials focuses on a condi-
tional probability, that of seeing the observed data if a particular hypothesis is true.
We have seen a version of this conditional probability in Bayes’ theorem. There we
referred to it as the likelihood (P(B | A)). NHST is investigating the likelihood of data
under the null hypothesis: P(B | A1)

In Bayesian analysis a different approach can be used, where the likelihood of data
occurring given the null hypothesis being true, can be compared to the likelihood of
data occurring given the alternative hypothesis being true. This comparison does not
need to be between the null and alternative hypotheses, it could also be between
two different forms of the alternative hypothesis. This ratio of the likelihoods of two

hypotheses is known as the Bayes Factor (BF):

P(B|Aus)

Bayes Factor =
P(B | Apat)

Similar to NHST, the BF does not describe the probability that the alternative hypoth-
esis is correct, it simply describes how much more likely you are to see the observed
data under one hypothesis when compared to another. There is some general consen-
sus as to what is considered a “good” Bayes Factor, arising from the suggested values

from Jeffreys, as noted in the table below adapted from Jamil et al. 2016:
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Table 2.1: Bayes Factor Interpretation Guidelines adapted from Jamil et al. 2016
Number Strength

< 0.001 Extreme evidence to support A,,,;; over A,
0.03 - 0.001 | Very strong evidence

0.1-0.03 Strong Evidence

0.3-0.1 Moderate Evidence

1-0.3 Anecdotal Evidence

1 No evidence

1-3 Anecdotal Evidence To Support A,;; over A,
3-10 Moderate Evidence

10-30 Strong Evidence

30-100 Very strong evidence

> 100 Extreme evidence

As a ratio of one likelihood over another, if Bayes Factor becomes smaller than 1, the
data is more likely to be seen in the numerator hypothesis rather than the denomi-
nator. A BF of 0.01 is as strong as a BF of 100, just for the other hypothesis (the null

hypothesis in our example above) (Kruschke 2014) .

As a Bayesian analysis allows you to directly report the probability that your hypoth-
esis of interest is correct, it is less common to see a Bayes Factor reported in the
results of a Bayesian clinical trial. As such the consensus pieces of guidance do not
include it in their recommended output for Bayesian research trials. However the BF
may still appear in a journal club setting, and has been used in a critical care con-
text, one example being in estimating the prevalence of “false positive” and “false
negative” critical care clinical trials (Sidebotham and Barlow 2022). Another key use
for Bayes Factors is in the role of null hypothesis significance testing when analysing
contingency tables, as a replacement for chi-squared tests (Srimaneekarn et al. 2023;

Jamil et al. 2016)
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2.3.2 Methods: Priors and Model

In Section 2.2.4 we noted that the choice of prior probability distributions can im-
pact on the results of a piece of research. It is therefore unsurprising that every piece
of guidance on interpreting Bayesian clinical trials recommends that the priors used
should be reported (Kruschke 2021; Ferreira et al. 2020a; Zampieri et al. 2021). Not
only should these priors be reported, they should also be “explained and justified”.
Similarly the inclusion of any previous work to set such a prior should be justified
(Ferreira et al. 2020a). Ferreira expands on potential sources for the prior distribu-
tion in another article, listing: “meta-analysis, previous studies, expert opinion, or
biophysical theory”. They do note that expert opinion could be controversial, as it
clearly introduces a more subjective element (Ferreira et al. 2020b). As well as justi-
fying the prior, Schoot et al. 2021 recommend we should describe our prior in terms

of certainty: “informative” versus “weakly informative” (Schoot et al. 2021).

2.3.2.1 Sensitivity Analysis (Justification of Results)

As priors can influence results, consensus guidance is that Bayesian clinical research
should report a sensitivity analysis of priors, a process that demonstrates how dif-
ferent choices in prior selection could generate differences in estimated results (Kr-
uschke 2021; Ferreira et al. 2020a; Zampieri et al. 2021). Due to the large number
of choices being made when selecting priors, the process of sensitivity analysis using

different priors is considered both “crucial” and “controversial” (Kruschke 2021).
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To summarise the guidance available, recommendations tend to state that a sensi-
tivity analysis should include some or all of the following distributions: informative,
uninformative, optimistic, pessimistic, and sceptical. If an informative prior is used
for primary analysis, this should also be compared to other plausible informative prior

distributions (Kruschke 2021; Ferreira et al. 2020a; Zampieri et al. 2021).

A sensitivity analysis can be reported graphically, showing how the scale and location
of an estimated posterior distribution changes with each choice of prior distribution.
Kruschke recommends superimposing these posterior distributions in the same plot

to allow for visual comparison (Kruschke 2021).

The sensitivity analysis can also be reported numerically, with summary statistics
for these multiple forms of the posterior distribution, as well as summarising the
prior distribution they are generated from (Kruschke 2021). Zampieri also recommend
including the average differences in these measures of central tendency between

distributions (Zampieri et al. 2021).

There is no universal consensus on what the sensitivity analysis should show or how it
is performed. Most authors tend to recommend simply that the analysis is performed
and results reported, leaving the interpretation of the analysis up to the reader (Kr-
uschke 2021; Ferreira et al. 2020a; Zampieri et al. 2021). However some recommen-
dations are made to help with this interpretation. Kruschke notes that an analysis that
uses uninformative priors, should show that another choice of uninformative priors
would result in close to the same posterior distribution, to demonstrate that enough
information for the results is being provided by the trial data (Kruschke 2021). He

also highlights that if an approach uses “default priors”, something recommended
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by Zampieri(Kruschke 2021; Zampieri et al. 2021), the methods need to demonstrate
that such a default doesn’t include impossible values (e.g. allowing a person to have
a negative height or one greater than biologically possible) (Kruschke 2021; Zampieri

et al. 2021).

The use of “default priors” that follow a set structure has been recommended by
Zampieri along with guidance for situations where levels of prior information are
Weak, Moderate, or Strong (Zampieri et al. 2021). In the case of moderate informa-
tion, they describe setting an optimistic prior centred on an optimistic result, but
allowing for at least a 15% probability of harm, a pessimistic prior allowing for a
15% probability of benefit, and a neutral prior centred on no effect, where 95% of

probability sits within an OR of 0.5 to 2 (Zampieri et al. 2021).

Ferreira also notes that the larger the amount of data collected by a trial, the less
the prior influences the results, and so the less we have to be concerned about the
choice in prior. Taking this idea further, they suggest that we could interpret a trial
where changing prior distribution changes our estimated results, as an inconclusive

trial (Ferreira et al. 2020a).

2.3.2.2 Model Validity

When reviewing a Bayesian research trial, the reader should find the paper has ex-
plained: the choices made for the prior distributions, the estimates of the posterior
distribution, and how different choices of the prior distribution affect the results of
the analysis. The next component a research paper could provide, is a demonstration
that their predictive model itself “works”. By this we mean the paper documents
both that the mechanics of the model itself worked, as well as demonstrating that

the results of any predictive model are accurate.
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To demonstrate that the model’s mechanics worked, first guidance states that the
model used needs to be specified. This includes stating the software used, as well
as the family of statistical model, and the settings of the algorithm itself (Ferreira
et al. 2020a; Kruschke 2021). As a reader of a trial, Kruschke puts we should expect
the authors to report their model ran in a way that suggests it is “representative,
accurate, and efficient” (Kruschke 2014). In generating a posterior distribution, re-
searchers run their statistical model multiple times, each time being referred to as a
“chain”. Analysis should report that all chains are in agreement as to what they be-
lieve the true posterior distribution to be. This agreement between chains is termed
“convergence”. One measure of convergence that should be reported is the R (R-hat)
(also called the Gelman-Rubin statistic or shrink factor). A reader should expect to
find authors report adequate convergence by stating that R has reduced to close to

1.

Not only should these chains agree with one another (converge), they should also
be accurate, in that new information wouldn’t change their estimate of the true
posterior distribution. As such, a measure to show that the model contains enough
information should also be reported. This measure of information is known as the
effective sample size (ESS) or autocorrelation factor. In general an ESS of 10,000+
would demonstrate a model has taken enough samples of the posterior distribution

to be accurate (Kruschke 2014).

To improve reproducibility of results, there are other measures authors should in-
clude, in regard to settings used in analysis (Kruschke 2014). These include reporting
the amount of chains used in model creation, and the amount of “steps discarded”

or “burn in phase” (Ferreira et al. 2020a; Kruschke 2021).
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2.3.2.3 Model Predictive Accuracy

Lastly when assessing the relevance of a model created, Kruschke and Ferreira rec-
ommend showing some measure of model “goodness of fit”. Similarly to predictive
models generated using non Bayesian techniques, such a measure means to show that
any predictions generated by a model, are found to be correct when tested (Kruschke
2021; Ferreira et al. 2020b). These measures can be performed visually with plots of
model predictions using “Posterior Predictive Checks”, or through measures seen in

other classification problems, such as the receiver-operator curve (ROC).

2.3.3 Discussion: Comparison To Frequentist Papers

The last key aspect recommended in both Kruschke’s and Ferreira’s checklists is that
authors should explain why they have chosen to use Bayesian techniques for their

analysis (Kruschke 2021; Ferreira et al. 2020a) .

Accepting there are costs when shifting from one technique (frequentist clinical re-
search) to another, authors should be able to justify why this switch is worth un-
dertaking, either through demonstrating advantages of a less common approach, or
disadvantages of current techniques. In this next section | aim to provide additional
justification of my Bayesian research thesis, highlighting the positive aspects of such

a switch.

In brief, | have chosen to take a Bayesian approach for this thesis as doing so:

» Allows us to use models to directly answer our questions of interest, in a manner

that is intuitive to a reader
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» Provides additional results that frequentist methods lack, allowing us to esti-

mate a variety of effect sizes and the probability of each effect size occurring

« Allows us to reanalyse each question of interest from a variety of starting as-
sumptions

» Forces us to consider carefully each assumption made during in model genera-

tion

2.3.3.1 Advantage 1. The probability of the hypothesis being tested
versus NHST

As noted already in this chapter (Section 2.3.1) one of the key advantages of a

Bayesian approach is that it allows you to directly answer your research question.

In a clinical trial an intuitive form of our question of interest could be: “how likely
is it that treatment X affects condition Y?”, or “what is the most likely size of the

effect of treatment X on condition Y?”

As highlighted above in Section 2.3.1.7, summarising the probability distribution al-
lows us to directly answer our research questions, in a way that frequentist use of
NHST does not. Admittedly, this Bayesian approach does lack some components that
clinicians often find useful when interpreting clinical results. Namely the convention
of using a p-value of < 0.05 to indicate a significant result. However as explained in
Section 2.3.1.7, the p-value comments on the conditional probability of seeing data
under a null hypothesis, it is not a comment on the probability of a hypothesis being
true or false, and so does not directly answer the question of interest. (Zampieri et

al. 2021; Ferreira et al. 2020b).
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The critique of current use of p-values in NHST comes from a greater range of opinions
than simply those promoting Bayesian alternatives. The American Statistical Associ-

ation (ASA) noted in a position statement in 2016:

“Scientific conclusions and business or policy decisions should not be based
only on whether a p-value passes a specific threshold... The widespread
use of ‘statistical significance’ (generally interpreted as ‘p < 0.05’) as a
license for making a claim of a scientific finding (or implied truth) leads to
considerable distortion of the scientific process” (Wasserstein and Lazar
2016).

Given the comments of the ASA, our comparison here of Bayesian approaches to NHST
could be seen as a straw man argument, where the Bayesian approaches were given
the benefit of doubt, with assumptions that they were being performed well, and
frequentist approaches were misleadingly framed as being performed more poorly.
However as noted by the ASA, the above description of the use of p-values and statis-
tical significance is a “widespread” practice rather than a misinterpretation of how

research is performed and reported.

As a smaller point on answering the question of interest, again as noted in 2.3.1.3,
use of credible intervals allows us to state the probability of the true value sitting
within a range, where confidence intervals do not. However whilst some may see this

as a clear advantage, for others this may be closer to quibbling over semantics.

2.3.3.2 Advantage 2. Estimating Effect sizes

A clearer advantage of a Bayesian piece of research, is seen in its ability to estimate

the probability of a variety of effect sizes.
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Where a classical frequentist trial could comment on whether it observed a difference
between treatment and control, powered to a certain effect size, Bayesian analysis
allows us to estimate this size itself. As explained above in Section 2.3.1.6, a Bayesian
analysis allows us to estimate the probability of a meaningful clinical effect, as well
as the probability of dramatic benefit, or the probability of associated harm (Yarnell
et al. 2021). This approach would not be possible with a classical frequentist analysis.
A frequentist analysis could determine some form of MCID, ensuring a 95% confidence
interval does not cross the threshold of MCID. However directly attributing a proba-
bility to a certain effect size, and varying this multiple times in the same analysis,
is something possible in Bayesian analysis but not routine frequentist (Yarnell et al.

2021).

2.3.3.3 Advantage 3. Looking From Different Perspectives: What

would the pessimist need to be convinced?

A range of priors should be interrogated in the sensitivity analysis of Bayesian re-
search: taking the spectrum from our “best guess” to uninformative, and from opti-

mistic assumptions about possible treatment effects to pessimistic.

Whilst one prior distribution should be selected as the most appropriate, use of a
range of priors allows different thresholds of evidence to be evaluated in different
contexts. In cases where teams have reason to believe a proposed treatment is less
likely to be effective for their patient population, applying a pessimistic prior could
be useful, as if it still demonstrates a benefit to treatment, the treating team may

be willing to commence a treatment they would otherwise be cynical of.
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While it may be appropriate to consider different thresholds of evidence/certainty for
different patient groups, ultimately these differences should be interrogated through
further research. Without this there is a risk that applying different thresholds could
result in problems of equitable access to therapies, or discrimination against pro-

tected characteristics.

On an individual patient level, there may be a role for using different prior distri-
butions, and different decision thresholds, when undertaking shared decision making
and in gaining adequately informed consent. Individualising these may allow decisions

to be framed in keeping with a patient’s own values and belief systems.

2.3.3.4 Advantage 4. Quantifying Our Assumptions

In a Bayesian analysis authors are expected to clearly document and justify their use
of prior distributions. In doing so they are acknowledging the assumptions made in an
analysis. Assumptions are not unique to Bayesian research, Zampieri highlight that a
standard frequentist trial involves assumptions of: incidence of the condition of in-
terest, size of treatment effect that a trial should detect, the acceptable probability
of falsely rejecting a true null hypothesis, and the acceptable probability of failing
to reject a false null hypothesis (Yarnell et al. 2021; Kruschke 2021; Zampieri et al.
2021). However, with the relative novelty of Bayesian research comes a greater de-
gree of skepticism and requirement to justify assumptions. This enhanced oversight
can be seen as an advantage. It forces the authors of a piece of research to confront
and interrogate their assumptions. In doing so we can hope they will make reasoned

and justifiable decisions.
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2.3.3.5 Disadvantage 1. The Computational Burden

Of the disadvantages listed below, this first one is perhaps the least relevant to the
reader of a paper, although it is one of the larger burdens when generating Bayesian

analyses (Winter et al. 2023).

Bayesian techniques can be costly in both time and computational burden when
compared to more classical approaches (Martina Perez et al. 2022; Kruschke 2021).
This computational burden comes from the sampling from the posterior distribution,
through MCMC (Markov Chain Monte Carlo) (McElreath 2020). As the sample size of
data increases, sampling from the posterior distribution becomes more burdensome
(Winter et al. 2023). Traditionally, this time burden precluded the use of MCMC, how-
ever advances from 2000 onwards, most recently with Stan (a probabilistic program-
ming language), implemented new algorithms to allow the use of MCMC in a practical

way (Burkner 2017a).

2.3.3.6 Disadvantage 2. When You Lack Prior Information

When attempting a Bayesian analysis, a key aspect is the use of priors in combination
with trial data. The use of prior information can be criticised if done improperly.
Similarly, if a major aspect of Bayes is to use previously gained information, then a

Bayesian approach may seem less relevant when no prior information is available.
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However a Bayesian trial does not require information gained from previous clinical
trials, and as noted by Zampieri, as long as we can be reasonably confident that
we can exclude extreme effect sizes, a sensible starting point may be a moderate
neutral prior (Zampieri et al. 2021). We will see in Section 2.3.3.8, that historically
it appears that trial investigators have over estimated effect sizes rather than under,

and excluding extreme effect sizes in most cases is likely to be a safe technique.

2.3.3.7 Disadvantage 3. The Lack of Local Expertise

On a practical note, as well as the computational cost of a Bayesian approach, there
can also be an institutional cost or burden of difficulty. When one approach (frequen-
tist clinical research) is default, use of a different method with comparable results
can be seen as wasted energy. One piece comparing Bayesian and frequentist work
refers to this as the “inherent conservatism among clinicians concerning statistics”
(Skrepnek 2007). This comment could be expanded into “understandable inherent
conservatism”. If those undertaking clinical research have many competing aspects
to their work, the effort involved in switching away from a technique you know works
may make little sense when considering your other priorities. Additionally for those
who want to take on a different approach, a lack of colleagues comfortable with
these techniques can increase the risk of errors in either interpreting or performing
Bayesian research. Having a group of practitioners able to interrogate methods sec-
tions increases the chance of errors being found, and correspondingly, having fewer

interpreters comfortable doing so increases the chance of errors getting through.
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2.3.3.8 Disadvantage 4. The Subjective Nature

In most descriptions of Bayesian analysis, the ability to take prior knowledge into ac-
count would be framed as a clear advantage. However for many clinicians, this aspect
may be seen as an additional level of complexity, and an opportunity for subjectivity
to be introduced, skewing results away from the truth. Zampieri’s recommendations
aim to provide reassurance with their proposed approach, where they standardise
the choice of priors for all analyses, with only the limits of the ROPE left to the in-
dividual study (Zampieri et al. 2021). They argue that this approach could “promote
transparency and increase the rigor and reproducibility of results” (Zampieri et al.

2021).

2.3.3.9 Head To Head Comparison

A common critique of Bayesian approaches in medicine, is seen when an initially fre-
quentist trial is reanalysed with Bayesian techniques. The perception among readers
can be that the authors did not get the results they wanted, so they tried again with

a Bayesian method to get a second shot at a “positive trial”.

Yarnell et al. 2021 investigated this; their team reviewed all multicentre trials pub-
lished between 2008 and 2018 in five relevant journals, where the primary outcome
was mortality in a group of critically ill patients. Identifying 82 papers, they re-
performed the analysis of each with predetermined Bayesian techniques (Yarnell et
al. 2021). They aimed to identify the level of disagreement between frequentist and

Bayesian techniques, and any factors that increased risk of disagreement.
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The key scenarios where the two approaches could disagree in their results were

when:

» Frequentist reported “positive” but Bayesian analysis found probability of MCID
(Minimum Clinically Important Difference) < 50%
» Frequentist reported “negative” but Bayesian analysis found probability of MCID

> 50%

In the first scenario, this could be seen where a Bayesian trial found the PD tended to
the positive, but that the most likely values of effect size sat within the ROPE. In the
second scenario, if a frequentist trial had been powered to detect a large absolute risk
reduction (ARR) and failed to detect it, it may report a negative result. However the
same frequentist trial would be “underpowered” to correctly identify a smaller ARR,
one still larger than the MCID. The Bayesian reanalysis would be able to identify if
there was a greater than 50% chance of this smaller but meaningful treatment effect

size (Yarnell et al. 2021).

When looking at this second scenario of “negative frequentist positive Bayesian”, an-
other explanation that critics of a Bayesian approach could raise, is that the prior
distribution selected could be so biased in favour of an effect existing, it outweighs
truly “negative” data. To prevent bias from optimistic priors, Yarnell’s key compar-
ison to frequentist analyses used a sceptical prior, where the most likely effect on
Absolute Risk Reduction was set at 0 (Yarnell et al. 2021). They also performed their
analysis with predetermined sceptical, uninformative, and enthusiastic priors (Yarnell
et al. 2021). Although they did not take the approach later recommended by Zampieri
to also include a pessimistic prior (Zampieri et al. 2021). The MCID was generated for
each paper through surveying a group of critical care clinicians and taking the me-
dian of their responses. This approach produced values similar to published consensus

values (Yarnell et al. 2021).
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As seen in Table 2.2; Yarnell found that Bayesian reinterpretation using sceptical pri-
ors, agreed with the original frequentist interpretation in 73 out of 82 papers (89%)
(Yarnell et al. 2021). To focus on where these approaches diverged: 7 (9%) of the 78
trials found to be negative under frequentist analysis had a greater than 50% proba-
bility of meeting the threshold of MCID, 2 of the 4 trials found to be positive under
frequentist analysis had a less than 50% probability of meeting the threshold of MCID.

Table 2.2: Results of Yarnell’s Comparison of Bayesian And Frequentist RCTs

Bayes Positive | Bayes Negative | Total
Frequentist Positive 2 2 4
Frequentist Negative 7 71 78
Total 9 73 82

Notably however when an “enthusiastic” (optimistic) prior was used, the rate of dis-
agreement rose substantially, with 20/78 (26%) papers being subsequently reinter-

preted as “positive” by a Bayesian analysis (Yarnell et al. 2021).

To explain the difference seen between the Bayesian reinterpretation and the original
papers, Yarnell and colleagues found their estimates of MCID tended to be lower
than what the original authors had powered their papers for (Yarnell et al. 2021).
This implies either that original trial authors are more optimistic about the potential
benefit of proposed treatments (a plausible bias, considering authors are a group of
people motivated enough to perform a trial on the subject), or that original authors
may be setting their estimates of effect size “pragmatically” large, to allow for a

smaller sample size when recruiting.

As an example paper where Bayesian reinterpretation suggested the possibility of
benefit after negative frequentist analysis; Yarnell estimated a 10% ARR in the 2018
paper “Extracorporeal Membrane Oxygenation [ECMO] for Severe Acute Respiratory
Distress Syndrome” by Combes et al. 2018. With a predetermined MCID set at 5.5%,
Yarnell estimated a 77% probability that the true effect size of ECMO was greater
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than this MCID (Yarnell et al. 2021). In the original analysis Combes and colleagues
had powered their trial to detect a 20% Absolute Risk Reduction (predicting 40% mor-
tality in treatment group, 60% in control (Combes et al. 2018). However Yarnell’s 95%
credible intervals ranged from -2% to 22%, not only allowing for the possibility of no
clinically important effect, but also allowing for the possibility of harm from treat-
ment. They used the posterior distribution to estimate this possibility of harm (ARR

< 0) at 5% (Yarnell et al. 2021).

In their reanalysis Yarnell strongly emphasises that their work should only be used as
hypothesis generating and not to recommend treatments. Their paper shows both the
advantages and potential problems from Bayesian reanalysis. Where the original pa-
per could only report a failure to demonstrate their predetermined estimated effect
size, the Bayesian reanalysis could provide results that show: best estimate of effect
size, probability of clinically meaningful benefit, as well as probability of harm. It
shows where a frequentist trial of treatment may fail due to overly large estimates
of effect size. It also demonstrates that some of the concerns about Bayesian reanal-
ysis have merit; optimistic priors resulted in much more discordance (26%) between

frequentist and Bayesian interpretations of the same information.

This study by Yarnell confirms that advocates of sensitivity analyses and decent sam-
ple sizes are correct to do so. As sample sizes increased in their review, differences
between posterior distributions from optimistic and sceptical priors decreased, show-
ing more resilient results. The authors here referred to trials which “failed” this form
of sensitivity analysis as not managing to “accrue sufficient information to resolve un-
certainty about treatment effect”. Additionally, where some may criticise the use of
a 50% threshold to mean possible benefit, this paper demonstrates another advan-
tage of Bayesian analysis, as the same analysis can be re-performed with different

thresholds for certainty or magnitude of MCID (Yarnell et al. 2021).
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2.4 Step Three - Thesis Workflow

In this section, | describe the workflow | use for most chapters in this thesis, building
from the recommendations from authors cited in the sections above. Each question

of interest followed the same analysis framework.

2.4.1 Descriptive Statistics, ldentification of Differences - Null Hy-

pothesis Significance Testing

Beginning with describing the dataset, each variable of interest is described in Chap-
ter 4, the relevant results chapter, or in both. Continuous variables are reported with
median, and interquartile range. Categorical or logical variables are reported with

counts and percentages.

When describing groups, and assessing unadjusted differences between them, | use
Bayesian Contingency Table Analysis (analogous to Chi-Squared test) and ANOVA to
provide Bayes Factors (BF) (See Section 2.3.1.7 for further detail on BF, and Table 2.1

for interpretation guidelines).

| chose to use BF rather than more routinely reported frequentist methods for a few
key reasons. As noted above in this chapter, Bayes Factors allow us to ask: ‘How more
likely is it than not, that there is a difference between these groups, considering we
observed this data?’, rather than the classical frequentist NHST: ‘Assuming the null
hypothesis is true, how likely would it be that we observe this data?’. Considering

that our question of interest is ‘How likely is it that there is a difference between



2.4, Step Three - Thesis Workflow 87
these groups?’, use of a BF provides a simple answer close to our question of interest.
Additionally use of a BF allows for a granular level of interpretation, where tools such
as Table 2.1 allow us to assess how more likely our hypothesis of a difference between

groups is, when compared to the null hypothesis.

2.4.2 Modelling - Variable Selection

To understand the association between survival of critical illness and each question
of interest in this thesis, a series of multivariable models will be generated to adjust
for other differences between each subcohort of patients. An important choice here,
is to decide which variables are included in each multivariable model. In this thesis

initially | have taken one approach based on the following rationale:

» The approach should be recognised as one valid approach amongst many in the
medical literature

» The approach should be widely used in clinical research papers

» The approach should use a relatively ‘objective’ threshold for variable inclusion

in final model

This method used for variable inclusion is ‘univariable screening’. A series of single
variable analyses are performed against the question of interest. Inclusion into later
models was based on the Probability of Direction (See Section 2.3.1.5). A threshold
of a Probability of Direction of > 95% was selected as the threshold for inclusion in
the final model. A PD of > 95% can be considered equivalent to a p-value of <0.1, a

commonly used threshold in workflows that use univariable screening.
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Meeting the PD threshold means that a variable is considered to have an impact on
the question of interest, but does not make any comment on the magnitude of such
an impact. These univariable models are demonstrated both in graphical and tabular

form, to fully demonstrate the estimated posterior distribution.

The criteria and decisions above for variable inclusion were choices that | made in
2022, at the beginning of this thesis process. At the time it appeared that my other
choices with Bayesian modelling would ask a lot of a clinical reader who was more
accustomed to an alternative approach. As such | aimed to keep other aspects of sta-
tistical decision making similar to other published work. As noted towards the end of
this thesis, in Chapter 9, at the time of writing (2026) there is a growing acceptance
of Bayesian statistical frameworks in medical literature, and work undertaken now
would not need to provide such choices to allow for familiarity of the reader. Chap-
ter 8 has been undertaken more recently, and different choices to determine variable
inclusion have been made, making use of Directed Acyclic Graphs (DAGs) and causal

inference, detailed more in chapter 8 itself.

Several valid criticisms of the use of univariable screening can be made, it can fail to
identify the association of variables that are conditional with one another, it can be
susceptible to confounding. However, it is a commonly used method frequently seen in
the medical literature as ‘valid enough’. As examples, the key paper published to date
to describe relationship between severity of illness and likelihood of chemotherapy
receipt (Kim et al. 2015) takes this approach. Other work using univariable screening
when studying the relationship between intensive care and outcomes for patients with
cancer include published work on: identifying factors associated with ICU admission
in patients with lung cancer (Puxty et al. 2020), survival of cancer patients requiring
mechanical ventilatory support (Azoulay et al. 2001), and work assessing hospital

survival of critically ill solid cancer patients (Vincent et al. 2018).
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As an example of single variable models, in variables with binomial outcomes, a series

of Bayesian Bernoulli models (with uninformative priors) were completed.

Values of each models coefficients would be exponentiated to provide Odds Ratios,
then summarised with tables and figures to provide median, 95% credible intervals,
and Probability of Direction. Variables meeting the PD threshold of > 95% (analogous
to p < 0.1) would be selected for further investigation through inclusion in multivari-

able models.

2.4.3 Multivariable Model - Formula and Default Prior Specification

After relevant variables were determined in single variable models, Multivariable
models are developed for the question of interest. Overlapping variables are excluded
(e.g. Named Comorbidity versus Comorbidity Counts) and such decisions are made on
model brevity. As nature of admission and level of support in hospital were key ques-
tions of interest, these variables were included in each multivariable model regardless
of single variable analysis results. Nature of Admission To Hospital and Support Re-
ceived In Hospital were considered to be interacting variables, by this we mean that
the association between support in hospital and the question of interest can differ,

dependent on the nature of admission to hospital.

Priors for each model are chosen based on the recommendations from Zampieri et al.
2021. As noted in Section 2.3.2.1 this means that for each question of interest | choose
to use default priors, rather than more data-driven priors based on estimates from
previously published work. | make this choice due to the lack of reliable estimates

for most variables of interest.
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Multivariable models are developed repeatedly using differing priors (uninformative,
sceptical, optimistic, and pessimistic). Zampieri and colleagues recommend that an
uninformative / weakly informative prior should have 95% of the probability distri-
bution sit between odds ratio (OR) values of % and 2 (i.e. N(u = 0, o = 0.355)). For
a sceptical prior, they recommend that 95% of the probability distribution should sit
between OR values of % and 1.5. For Optimistic, and Pessimistic priors they recom-
mend a distribution centred on the expected OR, that still allows for the opposite to

the expected outcome occurring (e.g benefit was expected but harm is observed).

This results in the default values as detailed below:

Uninformative ~ Normal(Mean (u) = 0, Standard Deviation (o) = 0.355)

Sceptical ~ Normal(u =0, o = 0.205)

Optimistic ~ Normal(u = 0.15, o = 0.205)

Pessimistic ~ Normal(u = -0.15, o = 0.205)

2.4.4 Model Specification and Execution

Models are run with 10 Chains, each with 1000 burn-in/warmup steps, and followed
by 4000 training/post-warmup steps. The use of multiple chains allowed for assess-
ment of convergence, and the choices of warmup and post-warmup were to allow for

adequate sample size.

Each model is repeated four times, once for each of the Uninformative, Sceptical,

Pessimistic, and Optimistic priors.
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Due to the paucity of previously published work on most of my questions of interest,
| choose in this thesis to use Uninformative priors as the default prior. This choice
provides some similarity to commonly published frequentist work, in that our testing
starts with the assumption of no difference between groups (Mean OR of 0). Addition-
ally, it allows our starting belief of no difference to be held weakly, rather than the
other choices of default prior, which more strongly encode belief of ‘No Association’,
‘Positive Association’, or ‘Negative Association’. Results reported from multivariable

analysis always used the models trained with Uninformative priors.

2.4.5 Model Results

Estimates from the default model choice are reported both graphically and using tab-
ular information, as recommended by Kruschke 2021; Ferreira et al. 2020a; Zampieri

et al. 2021.

Results following multivariable regression included tables showing: Central Tendency
(median estimate of impact of variable), 95% Credible Interval, Probability of Direc-
tion, probability of effect falling within Region of Practical Equivalence, probability
of effect falling within Clinically Meaningful Increase in Odds, probability of effect

falling within Clinically Meaningful Decrease in Odds.

Results were reported additionally in figure form, showing the probability distribu-
tion for posterior estimates. With the Region of Practical Equivalence shaded, this

demonstrates where the bulk of the posterior probability distribution lies.



2.4, Step Three - Thesis Workflow 92
In all models nature of hospital admission and level of support in hospital are treated
as interacting variables. This means that results of these variables of interest are
initially output in a manner not immediately interpretable: ‘main effects’ and ‘in-
teraction term’. To aid interpretation | recombine coefficients, in effect presenting
each combination of nature of admission and support level as if they were a single
composite variable. The advantage of doing this rather than actually combining into
a single composite variable, is that it allows us to review the association of each level
of support conditional on nature of admission, as well as also assessing the association

of an emergency admission to hospital in isolation.

Another assumption is made at this point, in the definition of the Region of Practical
Equivalence (ROPE) /Minimum Clinically Important Difference (MCID) This definition
will understandably differ for each question of interest. In this thesis | use definitions
of MCID where published guidance provides an accepted value. For example in Chap-
ter 7, when investigating the association between critical illness survival and long
term survival from CRC, | am able to use the published ESMO Magnitude of Clinical
Benefit Scale (Cherny et al. 2025). However in other chapters, such as Chapter 5,
no published work identifies an MCID for receipt of Quality Performance Indicators
in cancer care. When no estimate for MCID is published, an alternative approach is
necessary. In this thesis | choose to take a statistical approach to define Minimum
Clinical Important Difference (MCID) where ROPE is set at the range of -0.1 to 0.1 of
a standardised parameter, as recommended by Makowski et al. 2019a; Kruschke 2018.
So for the QPI example | defined region of practical equivalence (ROPE) as 10% of the
standard deviation from the baseline target (Makowski et al. 2019a). This choice suf-
fers from lack of clinician assessment of accuracy, where 10% of standard deviation
from target may or may not be ‘clinically meaningful’. However it is an accepted ap-
proach when an agreement on what is MCID has not been made, and does not suffer

from the problem of differing opinions between different clinicians involved.
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2.4.6 Sensitivity Analysis, Validity Checks, Model Accuracy

Following the multivariable model with uninformative priors, sensitivity analyses are
performed, allowing interpretation of how differing choice of model priors (Sceptical,

Optimistic, Pessimistic) would impact model estimates for each variable.

Figures demonstrate how the distribution for each variable’s estimates differs de-
pending on choice of model priors. Tables provide estimates of central tendency on
our key variable of interest, and how that estimate differs dependent on choice of

model priors.

Each model provides estimates of model convergence (R) and effective sample size,
to ensure model validity. Finally, for each model Posterior Predictive Checks are per-
formed, comparing the actual outcomes of interest (y), against those predicted by

our model (y.p), ensuring that the model reflects the dataset accurately.

2.4.7 Model Template

A template followed for each question of interest was:

1. Clean Data

Reorder Data observed for differences in proportions between subcohorts
Single Model (Univariable, UV) Analysis

Specify Multivariable Model Formula

Specify Multivariable Model Priors

Run Each Multivariable Model

Provide Multivariable Model Results

@ N o U A~ W N

Provide Sensitivity Analysis
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9. Assess Model Validity

10. Assess Model Accuracy

2.4.8 Statistical Software

All analysis was performed on the EPCC National Safe Haven service, using R version

4.2.0. Key additional packages included:

» targets (1.11.3) (Landau 2021)

e brms (2.22.0) (Burkner 2017b)

 rstan (2.32.7) (Stan Development Team 2025)
« tidyverse (2.0.0) (Wickham et al. 2019)

« gtsummary (2.3.0) (Sjoberg et al. 2021)

» kableExtra (1.4.0) (Zhu 2024)

» here (1.0.1) (Muller 2020)

« pammtools (0.7.3) (Bender and Scheipl 2018)

2.5 Conclusion

In this chapter | have aimed to provide an introduction to the fundamental aspects of
Bayesian inference, as well as the concepts and terminology seen when interpreting
a Bayesian research trial. In doing so | aimed to provide the reader with a high level
understanding of what a Bayesian analysis is, how a trial should be reported, and

what these reported methods and results actually mean.
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Ultimately | aimed to show that a Bayesian approach for this thesis, allows for a
more direct answer to our common questions of interest, allows us to interrogate
our results in ways that frequentist approaches do not, and is a valid alternative to

classical frequentist techniques.

Based on recommendations from guidance published on the use of Bayesian statistics
in medical literature, | have provided my own approach for data interpretation and
analysis used throughout this thesis. In the next chapter | describe the datasets used

in this thesis, and the steps | take to prepare them for analysis.



Chapter 3

Methods

3.1 Research Environment

All data used for analysis in this thesis were stored on the Public Health Scotland
National Safehaven, managed by PHS Electronic Data Research and Innovation Service
(eDRIS), and maintained by the University of Edinburgh Parallel Computing Centre
(EPCCQ).

The creation of a raw dataset was undertaken by Hanna et al. 2021. Their work cre-
ated a population level dataset of Scottish patients with colorectal cancer, gathering
thirty-two healthcare administrative datasets into one Trusted Research Environment
(TRE), allowing for others to subsequently undertake their own research. Dr Hanna’s
work was part of the national Cancer Research UK funded colorectal cancer repos-
itory (CORECT-R), aiming to characterise variations in colorectal cancer care across

the UK. (Hanna et al. 2021).
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3.2 Data Sources - Work Undertaken By Dr Hanna and

colleagues

In the initial curation of this dataset, approval was gained by Hanna and colleagues
from the national Public Benefit and Privacy Panel for Health and Social Care in Scot-
land. Data was pseudonymised by the national Community Health Index Indexing and
Linkage Service, meaning that no directly identifiable patient information was sent
from its original location to eDRIS. Directly identifiable information (patient commu-
nity health identifiers and other such information) were removed, and datasets were

deterministically linked with a new unique subject identifier.

The dataset created by Hanna et al. 2021, was a part of a wider UK colorectal cancer
repository. The Scottish Cancer Registry (SMR06) was used for an initial patient index.
Dr Hanna requested health care records on all individuals in SMR06 with an ICD-10
diagnosis of C18,19,20 (colorectal cancer), from 1st January 2006 to April 2018. Where
individuals identified in this initial search had linked records identified in the other
datasets (see Table 3.1 for datasets relevant to this thesis), these records were also

requested.

The process of relevant dataset identification, communication with relevant teams,
submission to PBPP, approval from PBPP, and eventual dataset release into the re-
search environment took several years. Time from initial contact to first dataset re-

lease was two and a half years (Hanna et al. 2021).
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A filtered list of the datasets included in the CORECT-R Scotland specification, in-
cluding only those that | use in this thesis, is provided in Table 3.1. The larger list
of datasets included in the CORECT-R research environment also includes; data on
outpatient, mental health, and emergency department attendances, as well as data
on financial costs of attendances, community prescriptions, and ambulance service

calls.
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Table 3.1: Datasets from in the CORECT-R Scotland specification, used by this thesis
Adapted from Hanna et al. 2021

NRS Deaths

NRS (2006-2018)

This dataset is collected by National Records Scotland (NRS), which is a Scottish government institution.
It contains information on date, cause and place of death for all deaths registered in Scotland since

1974. PHS is granted access to extracts from this dataset for research/linkage purposes.

Inpatients and day cases (SMRO1)
PHS (1997-2018)
SMRO1 comprises patient level episode data on hospital inpatient and day case discharges from acute

specialities in Scotland. Data is available in computerised format from 1968.

Cancer Registry (SMR06)

PHS (2006-2018)

SMRO6 is also known as the Scottish Cancer Registry and was established 1954. This dataset collects
information relevant to the diagnosis and management of malignant neoplasms, as well as carcinoma
in situ and some benign tumours. Data is collected annually. CORECT-R Scotland has requested infor-
mation on patients with a diagnosis of CRC only. This dataset contains CRC staging information based

on both TNM and Duke’s staging classifications.

SACT (ChemoCare WoSCAN)

WoS Cancer Network (2006-2018 but reliable data from 2012 onwards)

Regional chemotherapy prescription dataset. ChemoCare is the electronic data system that captures
prescription of systemic anticancer agents and supportive medications in hospitals in Scotland. This
does not include all hospital prescriptions, and would not, for example, include medications written
on a drug prescription chart for patients during an inpatient stay. It would provide information on
chemotherapy and supportive medications received by a patient whether they received that treatment

as an inpatient or an outpatient.

SACT (ChemoCare SCAN)
SCAN Cancer Network (2012-2018)
Regional chemotherapy prescription dataset (as for WoSCAN).

SACT (ChemoCare Grampian)
Grampian Cancer Network (2006-2018 but reliable data from 2012 onwards)
Regional chemotherapy prescription dataset (as for WoSCAN).

SACT (ChemoCare Tayside)
Tayside Cancer Network (2006-2018 but reliable data from 2012 onwards)
Regional chemotherapy prescription dataset (as for WoSCAN).

Continued on next page
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Table 3.1 - continued from previous page

SACT (ChemoCare Highlands)
Highlands Cancer Network (2006-2018 but reliable data from 2012 onwards)
Regional chemotherapy prescription dataset (as for WoSCAN).

Cancer Audit (QPI WoS)

NHS Greater Glasgow and Clyde (2013-2018)

National prospective audit dataset collected and stored regionally on an annual basis (April each year).
NHS boards are required to report their activity against QPIs as part of a mandatory national cancer
quality programme. Healthcare Improvement Scotland is responsible for the external quality assurance
of cancer services against tumour specific QPIs. This dataset contains CRC staging information based on
both TNM and Duke’s staging classifications. It also includes surgical operation codes and anaesthetic

data such as the ASA score.

Cancer Audit (QPI SCAN)
NHS Lothian (2013-2018)

National prospective audit dataset (as for WoS).

Cancer Audit (QPI NoSCAN)
NHS Tayside, NHS Grampian and NHS Highland (2013-2018)

National prospective audit dataset (as for WoS).

SICSAG
Scottish Intensive Care Society Audit Group (2006-2018)
SICSAG is the Scottish Intensive Care Society Audit Group dataset and contains both episode level and

daily information provided for each patient.
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3.3 DatalLinkage and Variable Definitions - Work Under-

taken By Myself

3.3.1 Cohort

Hanna et al. 2021 undertook substantial work over several years navigating the pro-
cess of extracting routinely collected administrative and healthcare datasets, and
centralising them within a single research environment. Their initial dataset collated
all patients with recorded CRC diagnoses within a set time period in the Scottish

Cancer Registry.

As my own question of interest related to a subcohort of patients (requiring hospi-
tal admissions), and | used a different statistical software than Dr Hanna and col-
leagues (R as opposed to Stata), all code used for my own data ‘import, tidying,
transformation, visualisation, modelling, and communication’ was written by myself
(Wickham 2023). Each dataset had its key patient identifier, the Community Health
Index, removed by PHS prior to release into the TRE. PHS have their own processes of
CHI seeding (where CHI is returned to health care records using probabilistic linkage
methodology) used when they link datasets. (Public Health Scotland 2026). Proba-
bilistic linkage methods are required when linking error prone datasets, however are

not immune to errors in linkage (Harron et al. 2017).

My own work did not require any further probabilistic linkage, as it was reliant on the
patient identifier values provided by PHS. As such whilst it would not introduce any
further such error, it would also not automatically remove such an error. In response
to this, at each point of data cleaning and transformation, | undertook data checks

and validation. These included the following checks (with examples given):
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» Data Completeness - Review for incorrectly included/excluded patients
» Duplicated Data - Checks for same patient occurring multiple times
« Invalid data - Data recorded as logical (true/false) when should be categorical
« Inconsistent data - Surgery recorded months before diagnosis being made
« Extreme Outliers - Hospital duration recorded as several years
« Data Consistency - SMR coding for missing data being misinterpreted as ‘true’

values

Where possible, errors were corrected. When correction was not possible, data was
excluded. Duplicated patients would be filtered to the first occurrence of such a pa-
tient. Patients where diagnosis made significantly after surgery were excluded (with
exceptions made for when diagnosis made during surgery). Date ranges were reviewed
to filter dates which SMR use as code for missing data (1900-01-01, etc). Extreme
outliers were excluded for certain variables (extremes between CRC diagnosis and
hospital admission, extremes between surgical resection and adjuvant chemother-
apy receipt). Where extreme outliers have been excluded is recorded at the relevant

points throughout the thesis.

Additional limitations of the use of routinely collected data became apparent during
data cleaning and validation, such as the presence of missing data. Whilst data im-
putation is a recognised approach to missing data (Sterne et al. 2009), the majority
of datasets were complete and did not require any imputation . The degree of miss-
ing data is described in more detail in Chapter 4. The sole variable with significant
missing data (Anatomic Stage - 68% missing), would most likely be Missing Not At Ran-
dom, considering the work of Di Girolamo et al. 2018 who identified that for patients
with CRC, socio-economic factors and age correspond with the levels of missing data
on stage (Di Girolamo et al. 2018). Rather than relying on complete case analysis
for Anatomic Stage, | chose to exclude Anatomic Stage (as recorded for SMR06) as a

variable during modelling within this thesis.
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As noted in Table 3.1 the time period for which datasets were available varied. Fig-
ure 3.1 demonstrates the availability of each dataset, highlighting periods of overlap
and gaps in data collection. As seen in Figure 3.1, whilst the planned cohorts could
be identified for all patients from 2006 onwards, data on QPIs was present only for
patients following 2013 (when the QPIl scheme was established), and chemotherapy
prescription data from 2012 onwards. | imported provided files in the format of “csv”,

{3

xls”, and “xlsx” into a single sqlite database, with initial data type validation.

Dataset 2006 07 08 09 10 11 12 13 14 15 16 17 18
SMR0O6

SMRO1 Inpatients & Daycases*
SICSAG

West of Scotland QPI
Lothian QPI
North of Scotland QPI

West of Scotland Chemocare
Lothian Chemocare
Grampian Chemocare
Tayside Chemocare
Highlands Chemocare

NRS Deaths
*SMRO1 data starts from 1997

Figure 3.1: Key Dataset Coverage by Year
Dark Blue: Dataset Fully Available Light Blue: Dataset Partially Available

For the purpose of this thesis, data was collated from SMR06, SMRO1, National QPIs,
SICSAG, NRS deaths, and Chemocare datasets. Patients with an ICD 10 Cancer Site
code beginning with C18, C19, or C20 were included, as the initial creation of the
dataset by PHS had included all records from the cancer registry. Where patients had
multiple records in SMRO6, the first recorded incidence date and information for each
patient was used. An alternative approach would be to use first diagnosis at a certain
stage of illness, allowing the identification of the point of illness more likely to be
associated with critical illness and healthcare utilisation. Unfortunately as noted later
in Chapter 4, the high levels of missing data for anatomic stage (68% missing) prevents

any reliance on SMR06 staging information for total cohort definition. Stratification
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by first admission provides additional advantages for several of the later chapters in
this thesis, where | investigate post curative surgical resection outcomes for patients
with High Risk Il and Stage Il disease. Selecting index admission following diagnosis
includes for the greatest proportion of admissions where curative surgical resection

was undertaken, whilst remaining consistent with the rest of the thesis as a whole.

To identify the index hospital admission for each patient with CRC, | used SMRO1,
filtered to exclude day cases and only include hospital admissions. As SMRO1 records
each transfer to another location, ward, or specialty as an individual record; each
collection of these records required grouping into discrete hospital stays. An index
hospital admission was the hospital stay where either: cancer incidence date occurred
during admission, or was the first hospital admission that occurred following cancer

incidence date, with an upper limit of two years following diagnosis.

To identify patients admitted to critical care, | used data from the Scottish Intensive
Care Society Audit Group (SICSAG). SICSAG and SMRO1 records were linked using pa-
tient index and hospital admission date. Where patients had multiple admissions to
critical care during their hospital stay, these were condensed into a single record,
where length of stay would be the sum of critical care admissions. If SICSAG hospital
admission date did not correspond with SMRO1 recorded hospital admission date, but
did fall within a window between SMR0O1 admission to discharge, it was considered as

part of that SMRO1 admission.

To identify patients with critical illness in critical care, | used the daily recorded in-
formation for patients in critical care, detailing the forms of organ support received.
Critical illness was considered to be the receipt of Cardiovascular, Respiratory, or
Renal Organ Support. Cardiovascular support was the receipt of single or multiple va-
soactive medications. Respiratory support was the receipt of noninvasive or invasive

ventilation. Renal support was the receipt of renal replacement therapy. As noted



3.3. Data Linkage and Variable Definitions - Work Undertaken By Myself 105
elsewhere in this thesis, most substantially in Chapters 8 and 9, this definition of
critical illness expands on previous work, where admission to critical care was con-
sidered sufficient. However, experiencing less than 24 hours of organ support may not
meet most intensivists’ definition of critical illness. In Chapter 8 | provide a greater
degree of stratification, separating those who receive less than, and greater than 24

hours of organ support.

To identify hospital survivors, information from NRS Deaths was used. A hospital sur-
vivor was considered to be an individual who did not die during their hospital admis-
sion, or the 30 days following hospital discharge. The requirement of 30 days post dis-
charge survival was to avoid classifying patients being discharged from hospital when

they were not expected to survive as ‘survivors’ (Flaatten and Reinikainen 2015).

The combination of these sources to create my cohorts of patients, both patients

linked to admission and hospital survivors, is demonstrated in Figure 3.2.

3.3.2 Subcohorts

The nature of admission linked to the index admission on SMRO1 was used, to identify
both the nature of the index hospital admission and the admitting specialty. Index
admissions were categorised as “Elective” versus “Emergency” (at points referred
to as “Non-Emergency Admission”: TRUE vs FALSE) admitting hospital specialty was
condensed into “Medical” versus “Surgical” (at points referred to as “Surgical Admis-

sion”: TRUE vs FALSE).
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ZA\N

SMRO6 SICSAG NRS-DEATHS

SMR06-CRC

SICSAG—Organ—Support]

Index-Admission

Cohorted-Admission

o
Cohorted-Survivors

Figure 3.2: Creation of Cohorted Survivors, linkage of each national registry dataset to create
a cohort of hospital survivors
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Using the method noted above in cohort creation, patient set was stratified further
into “Ward Level” (with no critical care admission), “Monitoring” (critical care ad-
mission without organ support), and “Organ Support” (critical care admission where

organ support was provided) subcohorts.

3.3.3 Patient Characteristics

Age for each patient used records from SMR06, to determine Age in years at the time

of diagnosis with CRC.

Socioeconomic circumstances were measured using the Scottish Index of Multiple De-
privation (SIMD). It provides an area-based measure of socioeconomic circumstance,
based on the postcode of residence. Area-based measures of deprivation such as this
one can incorporate data about individual living standards, along with broader issues
such as crime, the physical environment, access to services or social capital. How-
ever, the system only allows a measure of relative deprivation within Scotland and
not absolute deprivation (Fraser 2020). SIMD quintile was determined using recorded
postcode on SMRO1 records. As differing versions of SIMD were published throughout
the time period of this dataset, each patients’ index admission was linked to the
version of SIMD published closest in time prior to admission. Whilst SIMD decile was
provided with SMRO1, this was condensed to quintile for brevity, patient group size,

and consistency with other relevant published work.

Comorbidity records are provided to some extent throughout the datasets. SICSAG
data provides information on a limited number of significant comorbidities as re-
quired for APACHE Il scoring. However this range of illnesses is restricted to a short
list of disease processes and only patients with the most severe forms are identified.

Furthermore, these data are not present for those patients treated at a ward level.
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SMRO1 admissions provide comorbidity information in their discharge coding (in the
form of ICD coding) For each patient, SMRO1 comorbidity codes were extracted for the
five years prior to diagnosis with colorectal cancer. Whilst SMRO1 records were avail-
able going to 1997, records were limited to 5 years to partially compensate for some
comorbidities potentially improving with time. Several comorbidity scoring and cate-
gorisation systems are available. This work uses the categorisation system provided by
the Charlson Comorbidity Index (CCl) as a starting point (Charlson et al. 1987; John-
ston et al. 2015). As solid organ cancer (something everyone in my cohort definition
has) provides a disproportionate weight for comorbidity scoring in CCl, the weighted
CCl score was not used. Instead information is provided on presence or absence of
each of the main categories within CCl: Cardiac, Respiratory, Renal, Diabetes, and
Dementia. A count of comorbidity categories additional to cancer are provided: None,
One, or Multiple. Using SMRO1 to extract diagnostic codes for Charlson Comorbidity
Index is a recognised approach, assessed and found to be suitable by Robertson et al.
2019 (Robertson et al. 2019). However Robertson and colleagues also acknowledge
there is ‘no recognised gold standard’ approach, and other work has identified that
the original Charlson weights do not adequately represent the risks for patient out-
comes in certain patient populations (Johnston et al. 2015; Robertson et al. 2019). As
such | consider it justifiable to use count of Charlson comorbidities rather than the
weighted score, for this population. Use of a comorbidity count with an upper limit of
2+, categorising patients into three groups of: No (Additional) Comorbidity, One Co-
morbidity, Multiple Comorbidities has been successfully used by other Intensive Care

research (Simpson et al. 2020).
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3.3.4 Cancer and Hospitalisation Characteristics

Using SMRO1 records and their provided OPCS coding, information on procedures
during Index Hospitalisation was identified. These include: Number of operations
recorded (None, One, Multiple), Receipt of upper or lower gastrointestinal endoscopy
during admission (TRUE/FALSE), and receipt of surgical resection of CRC (TRUE/FALSE).
Like other measures in this thesis, reliance on OPCS coding does depend on the va-
lidity of data as initially coded. However considering that use of OPCS in this manner
is the same method undertaken by PHS in the national cancer QPI programme, this

appears to be an acceptable data source (ISD Scotland 2022).

Linking SMR0O6, SMRO1, and SICSAG, both by patient identifier and hospital admission
identifier, provided information on: duration in days between diagnosis of CRC and
admission to hospital, length of hospital admission in days, and length of critical care

admission in days.

SICSAG information was used to categorise: nature of critical care admission (Planned:

TRUE/FALSE), APACHE Il Score, and forms of organ support received.

SMRO06 data was used to note: nature of cancer diagnosis (Screening, Incidental Find-
ing, Clinical Presentation, Other), anatomic stage (clinical and pathological stage cal-
culated using recorded TNM scores in SMR06), and objectives of treatment (Curative,

Non-Curative, Unknown).
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As discussed in more detail in Chapter 4, incomplete staging information was noted.
To compensate for this an additional proxy measure of “Metastatic Disease Known”
was created. This combined both Anatomic Stage IV disease if known, and SMRO1 ICD
records. Whilst informative to some degree for description of patient groups, this
proxy measure is not included in modelling, due to the large proportion of missing

data.

3.3.5 Variables of Interest

3.3.5.1 QPI

For each Quality Performance Indicator, Healthcare Improvement Scotland provide
definitions (referred to as measurability criteria) for the question of interest. These
measurability criteria provide inclusion and exclusion criteria for the relevant popula-
tion being investigated, and detailed definition of what it means to meet the measure
of care quality (Dawson 2018). As a result, | transcribed the same 21 criteria into the

research environment without alteration.

3.3.5.2 SACT

As described further in Chapter 6, my questions of interest relating to chemotherapy
focused on a subset of patients: those with High-Risk Stage Il and Stage IIl Colorec-
tal Cancer, who had received surgical resection of their cancer. This cohort is not
the only patients with colorectal cancer who would be expected to receive adjuvant
SACT. Patients with Stage IV disease may receive adjuvant SACT following potentially
curative resection of their primary tumour. However these patients with curative

stage IV disease are known to have a different prognosis to those with non-metastatic
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disease (Cervantes et al. 2023). It is also a reasonable assumption that such patients
would have differences in length of hospital stay, and utilisation of critical care re-
sources, considering the physiological burden of substantial operations such as pelvic

exenteration.

As such | decided to focus on the more homogenous group of patients as defined
by QPI 11 (described in more detail in Chapter 5, in brief the patients with High-Risk
Stage Il and Stage lll disease, who receive curative surgical resection, and are eligible
for adjuvant SACT). | used the QPI dataset and linked this to Scottish Chemocare

prescription data to extract relevant information.

The first two questions ask information on receipt of adjuvant SACT, and time from
surgical resection to start of adjuvant SACT. Such information is provided by the
QPI dataset without reliance on chemocare prescription data, even for patients who

would usually be excluded from QPI reporting for reasons such as age.

The remainder of the questions of interest ask for more detail on SACT administration,
to address Regime Choice, Dose Delays Within Regime, and Course Length, Chemo-
care prescription data was used. These variables were calculated using the recorded

prescription information for each patient.

3.3.5.3 Survival

The dataset has survival information provided by NRS Deaths. Overall survival time
was calculated from 30 days post hospital discharge to date of death or censor-
ing. Censoring was performed at five years following hospital survival, or at the last

recorded death in NRS Deaths (December 2018), whichever occurred first.



3.4. Dataset Construction for Analysis 112

3.4 Dataset Construction for Analysis

Each chapter of analysis has differing requirements for dataset construction and vari-
able inclusion. An example of dataset connection is provided in Figure 3.4. The il-
lustrative diagram in Figure 3.4 is not provided with the goal to fully describe each
variable’s creation and dataset linkage. Rather, it is to demonstrate that each ques-
tion of interest required linkage of multiple original and intermediate datasets, with
variables being defined and created at varying stages through the process, before a
final dataset for analysis was generated. Similar illustrative examples demonstrating
the multi-stage pipelines for QPI, SACT, and Survival chapters are provided in the

Appendix.

The work of this thesis predominantly focuses on patients who survived their index
hospital admission. Figure 3.3 demonstrate the overlap between the total population
of patients with CRC, the set of patients which could be linked to hospital admissions,
the set of those surviving their index hospital admission, and those with QPI data

available.
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A

Set . QPI data Hospitalised . CRC diagnosis . Hospital survivor

B Cc
CRC diagnosis Hospitalised
46,382 43,773
D E*

))
@

QPI data
15,477

Figure 3.3: Euler Diagram of Patients Within Total Cohort (A) All Patients Noted in SMRO6:
Individual Groups and Intersections (B) Count of All Patients Noted in SMRO06 (C) Count of
Patients With SMRO1 Index Admission (D) Count of Patients Surviving Index Admission and
Following 30 Days (E) Count of Patients With SMRO1 Index Admission and QPI Data (*Not

Total of QPI Data, Some Patients Lacked Index Admission Data)
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3.5 Conclusion

Despite being a relatively brief chapter, the reality is that the work undertaken in
dataset construction, validation, and cleaning took up the bulk of the research time

for this thesis.

Undertaking this work in a trusted research environment (TRE) remained essential
to protect potentially identifiable patient information. However use of the research
environment did result in additional friction points. As all code written in the envi-
ronment is considered potentially sensitive information, it would need to undergo the
same output checking as data from analyses. Within eDRIS no automated data out-
put checks are undertaken, meaning each output request is reviewed manually by a
member of PHS staff. Reflecting the pressure that code output requests would place
on staff, guidance from eDRIS recommends only extracting the most essential scripts.
As a result this thesis does not include much of the code written for analysis, falling
short of the recommendations of many best practice guides for reproducible research
(Streiber et al. 2025). All code however will remain available on PHS servers, with

potential for release on a case-by-case basis.

As a learning point for myself for future work, eDRIS and many other TREs do allow for
the import of code snippets. It would be reasonable to design analysis outside of the
research environment, then importing the code into the TRE. Taking this approach
would also allow me to more efficiently undertake a workflow as recommended by
Gelman, where all models are first undertaken using simulated data to test assump-
tions (Gelman et al. 2020). This approach would also allow me to provide a form of
analysis code to reviewers, whilst continuing to protect potentially identifiable in-
formation (as information only goes into TRE, not out), and avoiding any additional

burdens on colleagues managing the TRE.
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Whilst the TRE does allow for unsupervised import of simple text snippets, inclusion
of packages of software require a greater degree of inspection by eDRIS staff. In the
initial stages of my thesis, the research environment was using a Windows operating
system incompatible with many of the standard R packages for Bayesian analysis. Get-
ting approval for the installation of working versions of these packages took several
months, and delayed some initial forms of analysis. When the TRE switched to a Linux
operating system partway through my thesis, this again introduced several breaking
changes that | had to fix before continuing with my work. Although fortunately, the
switch to this operating system did also fix the initial problems | faced with certain

R packages.

As a strength, all data cleaning within this thesis undertook well established ‘tidy’
principles for data analysis (Wickham 2023). My use of a Make-like pipeline, the {tar-
gets} R package ensured that any breaking changes made during TRE upgrade, or
my own changes to variable definitions, could efficiently be accounted for, and any

necessary code be easily re-run (Landau 2021).

As a researcher, this thesis represents the first interactions | have undertaken with
several national administrative datasets, such as SMRO1, SMR06, and the deaths regis-
ter. Looking back at the end of this thesis, | can see several of my approaches resulted
in dead ends, or with inefficient solutions, or even were attempted solutions to prob-
lems that didn’t truly exist. Whilst these inefficiencies are a limitation for my thesis,
I’m fortunate enough that the experience gained over 3 years of interaction with

these datasets will provide a strength for future work.

Equally however, several of the ‘dead ends’ | encountered with data cleaning in this
thesis represent my crashing into the realities of time constraints, both from my own
planned MD, and from wider data access to a TRE funded externally. This reflects a

limitation of my own approach to this work, in considering the thesis as a single piece
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of work, where | aimed to validate data cleaning for all chapters prior to undertaking
analysis for all chapters. A more effective method would have been to undertake
each ‘research question’ as a project to undertake from start to finish, before moving
onto the next. Several opportunities for future work exist in these aspects currently
considered ‘dead ends’, discussed in more detail in the final chapter of this thesis,

Chapter 9.

In the next chapter, Chapter 4, | start to discuss the results of the data analysis of
the cleaned and validated datasets. | provide details on patient numbers, baseline
characteristics, cancer related measures, and eventual hospital outcomes. The sta-
tistical framework for the descriptive analysis of these cohorts is described in more

detail in the previous chapter, Chapter 2.



Chapter 4

Demographics

This study had access to records from the Scottish Cancer Registry (SMR06), of new
diagnoses of CRC recorded between 2006-01-01 and 2018-12-21.

Within SMR06, 46,382 unique patients were recorded as being diagnosed with colorec-
tal cancer (ICD10: C18, C19, or C20) within this time period. Of this cohort, 43,773
could be linked with an inpatient stay recorded in SMRO1 within two years follow-
ing their cancer diagnosis. Of those admitted to hospital, 38,385 were considered a
hospital survivor, having survived both the hospital admission and the 30 days follow-
ing discharge. In this thesis | primarily investigated differences in patient, admission,
and cancer characteristics of these 38,385 patients, with the CONSORT diagram in
Figure 4.1 describing their inclusion. Chapter 5 uses additional inclusion and exclu-
sion criteria as defined by the QPI Measurability Criteria (Dawson 2018). Differences

in population selection are explained in that chapter’s methods.

118
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Unique patients in SMR06

n-46382 | T Excluded: |

R n = 2,609
No linked SMRO1 record

Patients linked to 2 years following Dx

hospital admissions |  ~—----------o-C - !
n = 43,773 Excluded:

| n = 5,388 |
———————————————— ----> Died during in-

dex admission or

Patients survived following 30 days
hospital admission | = --------o--Foooooooo-

n = 38,385

Figure 4.1: CONSORT diagram, patients included for description in demographics chapter
(hospital admissions, patients included as hospital survivors for most subsequent analyses)

Hospital survivors themselves were stratified further, both by nature of hospital ad-
mission, and level of support during admission. Details are provided in the list below

and also in Figure 4.2:

1. Ward Level: Survived Admission Without Admission To Critical Care
2. Monitoring: Survived Admission and Critical Care, Without Requiring Organ Sup-
port

3. Organ Support: Survived Admission and Critical Care, Requiring Organ Support

Hypothesising that patients admitted electively to hospital were likely to be on a dif-
ferent treatment and outcome course than those who presented emergently, | sep-
arated cohorts further by the nature of their hospital admission. This stratification

and subcohort size is demonstrated in Figure 4.2:
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Colorectal Cancer
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Patients
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Figure 4.2: Stratification of cohort of adult patients with CRC into subcohorts, with
identification of data sources used for categorisation, and patient numbers within each

subcohort
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4.1 Aims

| aimed to describe the six subcohorts, and any differences in the following:

o Age

o Sex

e SIMD Quintile

« Number of (Charlson) Comorbidities Additional To Cancer

» Presence of Disease: Cardiac, Respiratory, Renal, Diabetes, Dementia

« Nature of Admission to Hospital: Surgical, Non-Surgical

» Non-Operative Procedures During Admission: Endoscopy

o Number of Operations During Admission

« Interval From Diagnosis To Admission To Hospital (days)

« Duration of Hospital Stay (days)

» Duration of Critical Care Stay (days)

» Nature of Critical Care Admission: Planned, Unplanned

 Severity of Illness in Critical Care: APACHE II

« Form of Organ Support in Critical Care: Cardiovascular, Respiratory, Renal

» Method of Cancer Detection: Screening, Incidental Finding, Clinical Presentation
« Anatomic Stage of Cancer (As First Recorded in SMR06)

» Presence of Metastatic Disease (Anatomic Stage in SMR06, Comorbidities in SMR01)
« Objectives of Treatment: Curative, Non-curative

» Hospital Outcomes (Survival)
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4.2 Results

4.2.1 Patient Groups

Provided in SMR06 were 46,382 unique adult patients diagnosed with CRC. Of these |
was able to link 43,773 patients to an index hospital admission, and such stratify into

subcohorts.

Of the total population of patients with CRC (SMR06), median age at diagnosis was 71
years (IQR 63 - 80), with 45% female patients.

Of the total population of unique adults with CRC who could be linked to an index

hospital admission, an overview of demographics is provided in Table 4.1.

Values for hospital survivorship stratified by hospital subcohort are provided in Ta-
ble 4.2. In-hospital survival is commented in greater detail in Chapter 8, but in
brief: hospital survival (including thirty days post discharge) was 88% of all admis-
sions (n=38,385). Survival differs substantially between elective and emergency ad-
missions, and between different levels of support during hospital admission. Amongst
Elective - Monitoring survival was greatest at 98% (n=14,524). Elective - Organ Sup-
port had survival at 87% (n=2,338), and Emergency - Organ Support was the subcohort

with greatest mortality, where survival was 68% (n=925).

As the aims of my thesis were to primarily investigate hospital survivors, the follow-
ing results and discussion will focus on the 38,385 patients who survived their index
hospital admission. Similar to the overall cohort diagnosed with CRC, the median age

was 71 years (IQR 62, 79) and 45% were female.



4.2. Results

Table 4.1: Characteristics of Patients Linked To Index Admission

123

Description of the total cohort of patients with CRC admitted to hospital, not limited to

hospital survivors

Characteristic

Overall
N = 43,773

Cohort
Elective: No Critical Care

Elective: Crit Care - No Organ Support
Elective: Crit Care - Organ Support

Emergency: No Critical Care

Emergency: Crit Care - No Organ Support
Emergency: Crit Care - Organ Support

Hospital Outcome

Survived

Died
Age At Diagnosis
Female Sex
SIMD (quintile)

1

2

3

4

5

Missing

Additional Charlson Comorbidities Known

None
One
Multiple
Comorbidities (Named)
Cardiac
Respiratory
Renal
Diabetes
Dementia
Surgical Admission
Operations During Admission
None
One
Multiple
Diagnosis To Admission (days)
Duration Hospital Stay (days)
Method of First Detection
Screening examination
Incidental finding
Clinical presentation
Other / Not Known

10,189 (23%)
14,756 (34%)
2,687 (6.1%)
11,185 (26%)
3,589 (8.2%)
1,367 (3.1%)

38,385 (88%)
5,388 (12%)
72 (63, 80)
19,975 (46%)

8,264 (19%)
9,051 (21%)
9,109 (21%)
8,912 (20%)
8,397 (19%)
40 (0.09%)

32,214 (74%)
8,541 (20%)
3,018 (6.9%)

3,613
4,241

8.3%)
9.7%)
2,280 (5.2%)
4,353 (10.0%)
826 (1.9%)
37,197 (85%)

— o~ o~ —~

15,347 (35%)
24,102 (55%)
4,324 (9.9%)
33 (0, 71)

9 (5, 17)

5,740 (13%)
1,177 (2.7%)
36,343 (83%)
513 (1.2%)

Anatomic Stage
0
|
lA
1B
1]
v
Unknown
Metastatic Disease Found

359 (2.6%)
1,864 (13%)
2,848 (20%)
731 (5.2%)
4,732 (34%)
3,392 (24%)
29,847
11,869 (27%)

Objectives of Treatment
Curative Intent

Non-curative Intent (palliative)

Not Known

26,087 (60%)
14,836 (34%)
2,850 (6.5%)

Continuous Variables: Median (Q1, Q3). Categorical Variables:

n (%)
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Table 4.2: Hospital survivorship for adult patients with CRC during their index admission to
hospital following diagnosis

Stratified by nature of admission and level of support received during admission

Overall Elective Emergency
Characteristic Ward Level | Monitoring | Organ Support | Ward Level | Monitoring | Organ Support
N=43,773 | N=10,189 | N=14,756 N = 2,687 N=11,185 | N=3,589 N =1,367

Hospital Survivorship

Survived 38,385 (88%) | 9,606 (94%) | 14,524 (98%) | 2,338 (87%) | 7,836 (70%) | 3,156 (88%) | 925 (68%)
Died 5,388 (12%) | 583 (5.7%) | 232 (1.6%) 349 (13%) | 3,349 (30%) | 433 (12%) 442 (32%)
n (%)

4.2.2 Hospital Survivors

| identified 38,385 unique adult patients diagnosed with CRC, where hospital admis-
sion records were available, and the patient survived their index hospital admission.
These patients were diagnosed between January 2006 and December 2018. Full de-
scription of demographics are provided in Table 4.3, variable levels considered to dif-
fer meaningfully are noted by their Bayes Factor (BF). As detailed in Section 2.3.1.7,
BF > 10 are considered strong evidence for a difference between groups, values less

than 0.1 are considered strong evidence for similarity between groups.
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Table 4.3: Characteristics of Subcohorts of Hospital Survivors

Characteristic Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Ward Level Monitoring Organ Ward Level Monitoring Organ
Support Support
N = 38,385 N =9,606 N = 14,524 N =2,338 N=7,836 N =3,156 N =925
Age At Diagnosis 71 (62,79) 71 (63,79) 69 (61,76) 71 (64,77) 75 (65,83) 71 (62,79) 73 (64,80) >100
Female Sex 17,438 (45%) 4,426 (46%) 6,399 (44%) 911 (39%) 3,729 (48%) 1,574 (50%) 399 (43%) >100
SIMD (quintile)
1 7,237 (19%) 1,732 (18%) 2,588 (18%) 403 (17%) 1,690 (22%) 600 (19%) 224 (24%) >100
2 7,846 (20%) 1,996 (21%) 2,888 (20%) 495 (21%) 1,644 (21%) 631 (20%) 192 (21%) <0.01
3 7,979 (21%) 2,043 (21%) 2,957 (20%) 519 (22%) 1,600 (20%) 666 (21%) 194 (21%) <0.01
4 7,906 (21%) 2,021 (21%) 3,025 (21%) 540 (23%) 1,533 (20%) 615 (20%) 172 (19%) <0.01
5 7,382 (19%) 1,807 (19%) 3,052 (21%) 380 (16%) 1,360 (17%) 640 (20%) 143 (15%) >100
Additional  Charl-
son Comorbidities
Known
None 28,936 (75%) 7,624 (79%) 11,383 (78%) 1,552 (66%) 5,337 (68%) 2,421 (77%) 619 (67%) >100
One 7,093 (18%) 1,517 (16%) 2,501 (17%) 573 (25%) 1,738 (22%) 547 (17%) 217 (23%) >100
Multiple 2,356 (6.1%) 465 (4.8%) 640 (4.4%) 213 (9.1%) 761 (9.7%) 188 (6%) 89 (9.6%) >100
Comorbidities
(Named)
Cardiac 2,843 (7.4%) 583 (6.1%) 842 (5.8%) 248 (11%) 869 (11%) 199 (6.3%) 102 (11%) >100
Respiratory 3,552 (9.3%) 685 (7.1%) 1,195 (8.2%) 320 (14%) 916 (12%) 310 (9.8%) 126 (14%) >100
Renal 1,721 (4.5%) 383 (4%) 449 (3.1%) 142 (6.1%) 536 (6.8%) 144 (4.6%) 67 (7.2%) >100
Diabetes 3,716 (9.7%) 794 (8.3%) 1,336 (9.2%) 322 (14%) 877 (11%) 272 (8.6%) 115 (12%) >100
Dementia 518 (1.4%) 105 (1.1%) 69 (0.5%) 13 (0.6%) 288 (3.7%) 32 (1%) 11 (1.2%) >100
Surgical Admission 33,982 (89%) 8,417 (88%) 14,490 2,332 (100%) 4,802 (61%) 3,051 (97%) 890 (96%) >100
(100%)
Endoscopy During 3,989 (10%) 1,569 (16%) 381 (2.6%) 74 (3.2%) 1,547 (20%) 337 (11%) 81 (8.8%) >100
Admission
Operations
During Admission
None 11,458 (30%) 3,949 (41%) 801 (5.5%) 171 (7.3%) 6,017 (77%) 392 (12%) 128 (14%) >100
One 22,953 (60%) 5,123 (53%) 11,641 (80%) 1,567 (67%) 1,629 (21%) 2,394 (76%) 599 (65%) >100
Multiple 3,974 (10%) 534 (5.6%) 2,082 (14%) 600 (26%) 190 (2.4%) 370 (12%) 198 (21%) >100
Diagnosis To Admn 36 (0,75) 36 (10,64) 51 (31,98) 59 (35,115) 0(0,34) 0(0,23) 0(0,18) >100
(days)
Hospital ~ Duration 9 (5,15) 6 (2,10) 9(7,14) 15 (9,28) 8 (3,17) 15 (10,24) 25 (15,42) >100
(days)
Critical Care 1(0,3) - 3(1,4) 5(3,8) - 3(2,4) 5(3,8) >100
Duration (days)
Critical Care 14,220 (37%) - 12,084 (83%) 1,313 (56%) - 734 (23%) 89 (9.6%) >100
Planned
APACHE I 15 (11,20) - (=) 15 (11,20) 15 (12,19) - (=) 16 (11,20) 17 (14,20) >100
Organ Support
Cardiovascular 2,497 (6.5%) - - 1,837 (79%) - - 660 (71%) >100
Respiratory 1,473 (3.8%) - - 949 (41%) - - 524 (57%) >100
Renal 170 (0.4%) - - 106 (4.5%) - - 64 (6.9%) 0.87
Method of First
Detection
Screening 5,643 (15%) 1,731 (18%) 3,043 (21%) 434 (19%) 306 (3.9%) 100 (3.2%) 29 (3.1%) >100
Incidental 1,002 (2.6%) 246 (2.6%) 285 (2%) 69 (3%) 324 (4.1%) 53 (1.7%) 25 (2.7%) >100
Clinical 31,340 (82%) 7,517 (78%) 11,051 (76%) 1,822 (78%) 7,109 (91%) 2,976 (94%) 865 (94%) >100
Other 400 (1%) 112 (1.2%) 145 (1%) 13 (0.6%) 97 (1.2%) 27 (0.9%) 6 (0.6%) <0.01
Anatomic Stage
0 269 (2.2%) 86 (2.9%) 20 (0.4%) 4 (0.4%) 149 (6.1%) 6 (0.6%) 4 (1.1%) >100
| 1,818 (15%) 557 (19%) 849 (18%) 165 (17%) 182 (7.5%) 43 (4.4%) 22 (5.9%) >100
1A 2,759 (22%) 682 (23%) 1,348 (28%) 240 (25%) 269 (11%) 169 (17%) 51 (14%) >100
1B 668 (5.4%) 117 (4%) 252 (5.3%) 49 (5.2%) 93 (3.8%) 109 (11%) 48 (13%) >100
1 4,480 (36%) 960 (33%) 1,946 (41%) 384 (41%) 569 (23%) 430 (44%) 191 (52%) >100
\% 2,453 (20%) 549 (19%) 360 (7.5%) 103 (11%) 1,165 (48%) 222 (23%) 54 (15%) >100
Unknown 25,938 6,655 9,749 1,393 5,409 2,177 555
Metastatic Disease 9,516 (25%) 1,898 (20%) 3,354 (23%) 517 (22%) 2,407 (31%) 1,089 (35%) 251 (27%) >100
Found
Objectives of
Treatment
Curative Intent 25,309 (66%) 6,147 (64%) 12,043 (83%) 1,963 (84%) 2,521 (32%) 2,009 (64%) 626 (68%) >100
Non-curative In- 10,460 (27%) 2,778 (29%) 1,459 (10%) 240 (10%) 4,864 (62%) 884 (28%) 235 (25%) >100
tent (palliative)
Not Known 2,616 (6.8%) 681 (7.1%) 1,022 (7%) 135 (5.8%) 451 (5.8%) 263 (8.3%) 64 (6.9%) <0.01

Continuous Variables: Mean (IQR). Categorical Variables: N (%). Bayes Factor (BF): Evidence for

group differences. Continuous variables analysed using ANOVA Bayes Factor from median and
IQR. Categorical variables analysed using contingency table Bayes Factor. BF > 10 considered
strong evidence of difference between groups. BF < 0.1 considered strong evidence of no dif-
ference between groups
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4.2.3 Hospital Admission

Differences in the size of the six subcohorts was apparent; elective admissions (26,468)
accounted for 69% of the total population. Distribution of patients between each of
the six subcohorts is shown in Figure 4.2 and Table 4.4. When stratified by the na-
ture of admission, level of support during admission differed between elective and
emergency cohorts. 63% of elective admissions were treated in critical care, almost

double the 34% of emergency admissions treated in critical care.

Among elective admissions, those receiving monitoring in critical care were the largest
subcohort (14,524), accounting for 55% of elective patients. Among emergency ad-
missions, the largest subcohort was those treated at ward level (7,836), accounting
for 66% of emergency patients. Those receiving organ support in critical care were
the smallest group amongst elective and emergency admissions. The percentage of
patients receiving organ support was similar among elective (8.8% of elective admis-

sions) and emergency (7.8%) patients.

Table 4.4: Size of each subcohort of hospital survivors with CRC
Stratified by nature of hospital admission and receipt of support during hospital admission

Ward Level | Monitoring | Organ Support | Total
Elective 9,606 14,524 2,338 26,468
Emergency 7,836 3,156 925 11,917
Total 17,442 17,680 3,263 38,385
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4.2.4 Patient Characteristics

Median age differed between the six subcohorts (BF > 100). The total population
median age at time of CRC diagnosis was 71 (IQR 62-79). Emergency patients tended
to be slightly older, particularly Emergency - Ward Level patients, where the median
age was 75 (65-83), and Emergency - Organ Support patients where the median age

was 73 (64-80).

The proportion of female patients differed between subcohorts (BF > 100). In both
elective and emergency admissions, Organ Support had the smallest proportion of
female patients, with 39% in Elective - Organ Support (contrasted against 44% in Mon-

itoring), and 43% in Emergency - Organ Support (50% in Monitoring).

SIMD is developed by Public Health Scotland so that each quintile is of equal size,
making up 20% of the Scottish population (Fraser 2020). At the extremes of affluence
(SIMD Quintile 5) and deprivation (SIMD Quintile 1), subcohorts differ in proportion (BF
> 100). Patients from the most deprived SIMD quintile appear to be disproportionately
represented in the Emergency admissions, when compared against Elective. This is
demonstrated in Figure 4.3. In the Emergency - Organ Support subcohort, where 24%
patients came from SIMD 1. Patients from SIMD 5 were disproportionately lacking from

Organ Support subcohorts: accounting for 15% of Emergency - Organ Support.
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Figure 4.3: Proportion of patients in each subcohort within each SIMD quintile
Extremes of affluence (Quintile 5) and deprivation (Quintile 1) are highlighted
Expected proportion of 20% in each quintile shown as dotted line

4.2.5 Comorbidities

Among the total population, the majority of patients (n = 28,396, 75%) had no ad-
ditional comorbidity to the CRC identified. 18% of the cohort had one additional co-
morbidity, and 6% had multiple comorbidities. Within the subcohorts, multiple co-
morbidities were more frequently observed amongst those receiving Organ Support
(BF > 100). 9.1% of Elective - Organ Support patients had multiple comorbidities, in
contrast to 4.4% in Elective - Monitoring patients. 9.6% of Emergency - Organ Sup-
port patients had multiple comorbidities, in contrast to 6% in Emergency - Monitoring
patients. Emergency - Ward Level patients had greater comorbidity than Elective -
Ward Level patients, where 9.7% of Emergency - Ward Level patients had multiple co-
morbidities, contrasted against 4.8% of Elective - Ward Level patients. Among the to-
tal population, the most commonly recorded additional comorbidities were Diabetes
(9.7%) and Respiratory disease (9.3%). Cardiac (7.4%) and Renal (4.5%) followed, with

Dementia the least commonly recorded (1.4%). The difference in proportions of pa-
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tients with each named comorbidity is shown in Figure 4.4. Each named comorbidity
was more frequently observed in the Organ Support subcohorts, with the exception
of Dementia, where a disproportionate majority of patients were treated at a ward

level.

Cardiac Respiratory

Elective Ward Level

Elective Monitoring

Elective Organ Support

Emergency Ward Level

Emergency Monitoring

Emergency Organ Support

Renal Diabetes

Elective Ward Level

Elective Monitoring

Elective Organ Support

Emergency Ward Level

Subcohort

Emergency Monitoring

Emergency Organ Support

Dementia 0% 5% 10% 15%
Elective Ward Level .
Elective Monitoring I
Elective Organ Support I
Emergency Ward Level -
Emergency Monitoring .
Emergency Organ Support .
0% 5% 10% 15%

Percentage

Figure 4.4: Prevalence of comorbidities from Charlson Comorbidity Index (cardiac, respiratory,
renal, diabetes, dementia) across subcohorts, showing percentage of patients in each subcohort
with each condition
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4.2.6 Hospital Admission

Among the total population, the majority of patients were admitted under the care
of surgical specialties during their index admission (89%). This proportion of patients
was similar between five of the six subcohorts, with the exception of the reduction
seen in Emergency - Ward Level (61% of patients, BF > 100). This difference between
Ward Level and Monitoring was also apparent for elective patients, albeit to a lesser

extent, with 88% contrasted against 100%.

Patients admitted to critical care more frequently underwent operations than those
treated at a ward level, and patients receiving organ support had a greater propor-
tion of patients undergoing multiple operations when compared against those receiv-
ing monitoring in critical care (BF > 100). Emergency - Ward Level had the greatest
proportion of patients not undergoing any operation, 77% of the subcohort. These
differences are demonstrated in Figure 4.5. Whilst patients treated at a ward level
had a smaller proportion undergoing operations, they did have a greater proportion of
patients undergoing other procedures, with 20% of Emergency - Ward Level patients
and 16% of Elective - Ward Level patients undergoing endoscopy, contrasted against
8.8% of Emergency - Organ Support and 3.2% of Elective - Organ Support patients (BF
> 100).
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Figure 4.5: Comparison of number of operations during index admission between subcohorts
Demonstrating the greater proportion of ward level patients who received no operation, and
the greater proportion of organ support patients who received multiple operations

Among the total population, diagnosis through screening was 15%. This differed sig-
nificantly between Elective and Emergency subcohorts (BF > 100). Differences are
demonstrated in Figure 4.6. Every Emergency subcohort had a proportion of diagno-
sis through screening of <5%, with a >90% rate of diagnosis through Clinical Presen-
tation. Every Elective subcohort had a proportion of diagnosis through screening of

>18%, with 76-78% diagnosed through Clinical Presentation.



4.2. Results 132

Elective Ward Level

Elective Monitoring

Elective Organ Support

Subcohort

Emergency Ward Level

Emergency Monitoring

Emergency Organ Support

=
o
ES

. --
°
B
°
B
°
S
°
B
°
B
°
&
°
S
°
&

o

20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage

Method of First Detection ] screening other ] ciinical

Figure 4.6: Comparison of methods of CRC diagnosis between subcohorts

In linking diagnoses to hospital admissions, “index hospital admissions” included those
where diagnosis of CRC was made during inpatient stay. As such all Emergency sub-
cohorts had a median interval between diagnosis and admission of 0 days, whereas

all Elective subcohorts had a median interval of a month or greater (BF > 100).

Median length of index hospital admission was 9 days (IQR 5-15) among the total pop-
ulation. Each Emergency subcohort had a greater median length of stay than their
Elective counterpart. Among both Elective and Emergency admissions, length of stay
increased as you progressed from Ward Level, to Monitoring, to Organ Support. Emer-
gency - Organ Support admissions had a median length of stay of 25 (15-42) days, con-
trasted against 15 (10-24) days for Emergency - Monitoring. Whilst median length of
hospital stay differed by 6 days when comparing Elective - Organ Support and Elective
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- Monitoring, and by 10 days when comparing Emergency - Organ Support to Emer-
gency - Monitoring, this difference mostly reflected increased time being treated at
a ward level. The difference in critical care median length of stay was only 2 days

when contrasting Organ Support against Monitoring subcohorts.

Cardiovascular support was the most commonly occurring form of organ support for
both Elective and Emergency groups, followed by respiratory, then renal support, as
demonstrated in Figure 4.7. A greater proportion of Emergency - Organ Support pa-
tients were ventilated (57% contrasted against Elective 41%, BF > 100). There was no
observed difference between Elective and Emergency in the proportions of patients

receiving renal support (Elective: 4.5%, Emergency: 6.9%) (BF 0.87).

Elective

Admission Type

Emergency

0% 10% 20% 30% 40% 50% 60% 70% 80%
Percentage

Organ System Supported . Cardiovascular . Respiratory Renal

Figure 4.7: Comparison of forms of organ support between admission types
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4.2.7 Colorectal Cancer

Reliance on SMRO6 records of Anatomic Stage was noted to have significant limi-
tations. 25,938 patients (68%) did not have anatomic stage recorded in SMRO6. As
one attempt to partially account for missing data, | created a composite “Metastatic
Disease” variable. Patients were recorded as having metastatic disease if Anatomic
Stage IV was noted in SMR06, or if SMRO1 records of comorbidity made reference to
metastatic disease prior to index admission. These SMRO1 records were based on ad-
mission coding, similar to the creation of the Cardiac-Dementia variables. As such
this metastatic disease variable may also include patients with metastatic disease
that originated from other primary tumours (although all patients also have CRC),

and like the other comorbidities is still dependent on accuracy of admission coding.

Details of anatomic stage where available, proportion of patients with missing data,
and comparison between the total population percentages of patients with “Metastatic
disease” (the composite measure including SMRO1 and SMR06 data) and Stage IV dis-
ease (measure solely dependent on anatomic stage recorded within SMR06) recorded

are shown in Figure 4.8.

Staging data was missing from SMR06 for the majority of patients in all subcohorts
(ranging from to 60% to 69%), commented on further in the Discussion section of
this chapter. although a greater proportion of Organ Support patients had complete
Anatomic Stage. The creation of the Metastatic disease variable identified a substan-
tial proportion of patients with metastatic disease in all subcohorts. Among the total
population the composite measure identified 9,516 patients (25%) with “Metastatic
disease”, contrasted against the 2,453 identified with Stage IV disease in SMR06 (6% of
total population, 20% of patients who had anatomic stage recorded). General trends
in proportion appeared similar between Stage IV and Metastatic disease, with all

Emergency subcohorts having a greater proportion of Metastatic disease than their
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Elective counterpart (as seen for Stage IV disease). However the order of subcohorts
by proportion of patients with Metastatic disease does differ than the order seen when
using Stage |V disease. There were no cases in the cohort where Stage IV disease was

noted in SMR06, and Metastatic disease was not found in SMRO1.

With these limitations noted, differences are apparent between those admitted elec-
tively and those admitted emergently. There were also differences between those

admitted to ward level and those admitted to critical care.

The following comparisons make use of anatomic stage as recorded in SMRO6, rather
than the composite metastatic disease variable. A larger percentage of Ward Level
patients had stage IV colorectal cancer than seen in those admitted to critical care.
Among elective patients, 19% of Ward Level patients with anatomic stage recorded
had stage IV disease, contrasted against 7.5% of Monitoring patients. Among emer-
gency patients, 48% of Ward Level patients with anatomic stage recorded had stage
IV disease, contrasted against 23% of Monitoring. Each Emergency subcohort had a
greater proportion of patients with Stage IV disease recorded than their elective

counterpart (BF > 100).
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Among the total population, 66% of patients had treatment planned as having curative
intent. The proportion of patients with treatment with curative intent differed be-
tween the 6 subcohorts, as noted in Figure 4.9. Each Elective subcohort had a greater
proportion of patients treated with curative intent than their emergency counterpart
(BF > 100). Organ Support and Monitoring patients had similar proportions of patients
treated with curative intent (Elective - Organ Support 84% vs Elective - Monitoring
83%, Emergency - Organ Support 68% vs Emergency - Monitoring 64%). Ward Level pa-
tients had the smallest proportion treated with curative intent (Elective Ward 64%,

Emergency Ward 32%).

Elective Ward Level
Elective Monitoring

Elective Organ Support

Subcohort

Emergency Ward Level

Emergency Monitoring

Emergency Organ Support

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage
Objective of Treatment . Curative Not Known . Non-Curative

Figure 4.9: Comparison of objectives of CRC treatment between subcohorts

4.3 Discussion

Using this stratification of patients into subcohorts, 45% of patients with CRC were
treated outside of critical care in their index admission following diagnosis, and 55%

were treated within critical care.
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One in twelve patients in the total cohort (8.5%) received organ support in critical
care, this accounts for 16% of all critical care admissions. CRC patients admitted to
hospital electively were most commonly treated in critical care with monitoring only.
In contrast, those patients admitted as an emergency were most commonly managed
at ward level. The overall proportion of patients receiving organ support was similar
in elective and emergency admissions, with the main difference appearing to be the

number of patients admitted to critical care for monitoring only.

Acknowledging that the most common form of admission was an Elective Admission

to Critical Care for Monitoring, my primary goals were to compare:

 Patients treated with organ support against those with monitoring only in critical
care
» Patients admitted electively against those admitted emergently

» Patients treated at a ward level against those monitored in critical care

Contrasting patients receiving organ support against those monitored in critical care:
Patients undergoing organ support tend to be slightly older, with a median difference
in age of 2 years, and are more comorbid, with a 60-100% increase in patients with
multiple comorbidities. Patients experiencing organ support also undergo a greater
number of operations during their hospital stay, with a 75-85% increase in the propor-
tion of patients undergoing multiple operations. Patients with organ support stay in
critical care and hospital longer, with a 66% greater median length of stay in critical

care, and a 66% greater length of stay in hospital.

There are some factors where differences also appear dependent on the nature of
hospital admission. Emergency - Organ Support patients have a 25% increase in the
proportion of patients from the most deprived quintile, contrasted against Emergency

- Monitoring. No such difference is seen when contrasting the two elective subcohorts.
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Among emergency admissions, fewer Organ Support patients have Anatomic Stage IV
or known metastatic disease when contrasted against Monitoring. Among elective
admissions, the proportions of patients with advanced disease are similar between

Organ Support and Monitoring subcohorts.

When comparing emergency and elective admissions more generally: Emergency ad-
missions tend to be older, with a greater proportion of patients in SIMD 1, more
comorbid, with a smaller proportion of patients getting any operation during their
stay. There is also a greater proportion of patients who are diagnosed during the in-
dex hospital admission in the overall emergency cohort, with a later stage of disease,

and a smaller proportion being treated with curative intent.

Of those patients treated with Organ Support, respiratory support has a relative in-
crease in proportion of about 50% more for patients during an emergency admission
(57%), when compared to elective (41%). This may be expected by some readers,
when considering differences such as post operative course for a patient following an

emergency laparotomy for CRC, contrasted against elective surgical resection.

Last contrasting Ward Level to Monitoring patients, any difference appears to a greater
extent in the Emergency admissions cohorts. Emergency - Ward Level patients are:
older, more deprived, more comorbid, with later stages of disease, less likely to be
treated by surgeons or with curative intent than those treated with Monitoring in

critical care.

Previous work performed in Scotland has described a 16% incidence of Critical Illness
amongst patients with colorectal cancer, in the first two years following diagnosis.
The population, definitions, and initial findings from this thesis differ. However, when
considering the differences in population and definition, as shown below the ultimate

findings are consistent. The work from Puxty et al. 2015 investigated all admissions
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to Intensive Care Units in the West of Scotland from 2000-2009. My work describes
admission to Critical Care, which includes both Intensive Care and High Dependency
Units. | investigated all Scottish critical care units rather than one region of Scot-
land, and a time period approximately a decade later. In the work from Puxty, of
those patients with CRC admitted to intensive care, 47.8% received Organ Support.
As such 7.6% of their total population of patients with CRC received Organ Support.
Acknowledging that Puxty report some missing data on organ support, and did not
include patients admitted to High Dependency units; | consider my finding that 8.5%

of patients with CRC required organ support to be consistent with theirs.

The observed differences comparing emergency and elective cohorts are unsurpris-
ing, emerging as results of the nature of admission. Seeing asymptomatic patients,
diagnosed earlier through screening, being admitted electively more frequently is
what would be expected and is the aim of Public Health screening initiatives (Jahan
and SM-Rahman 2025). Similarly, the resulting earlier diagnosis would be expected to

correspond with a greater proportion of patients treated with curative intent.

The differences noted between Ward Level, Monitoring, and Organ Support subco-
horts, reflect the fact it is unlikely that these cohorts can be described simply as
increasing severity of illness. As noted in Chapter 1, the decision to admit a patient
to critical care, and secondarily the decision to embark on organ support, is one that
is made through balancing the physiological requirements of the patient against the
appropriateness of such a treatment. Noting that Ward Level patients, particularly in
the Emergency setting, are older, more comorbid and with later stages of disease;
likely reflects decisions being made about inappropriateness of more burdensome
treatments. The identification of greater proportions of ward patients receiving non-
surgical interventions like endoscopy, may appear to be in conflict with the idea
that ward patients account for a group where burdensome interventions are not un-
dertaken. However there is a selection bias occurring here, the decision to admit a

patient to hospital in the first place. Each patient admitted to hospital has to have a
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reason for admission. If ward level patients do not have an operative reason for ad-
mission, then it makes sense to see an apparent rise in another reason for admission
(such as requiring endoscopy). Additionally in some cases it may be that the decision
to undertake endoscopy, was selected as a less burdensome option than surgical in-
tervention. To investigate any relationship fully here between level of support and
intervention would require more in-depth regression modelling. This particular ques-
tion is not the primary focus of this thesis, and so instead | choose simply to note the
difference, and provide some description as to why this shouldn’t automatically be

taken on face value.

Among Elective patients, for Cardiac, Respiratory, Renal, and Diabetes, these comor-
bidities occur more frequently in the Organ Support subcohort than in Monitoring.
This may reflect that patients who are more unwell with such comorbidities are more
likely to require organ support. However this pattern is not seen for patients with
Dementia, where patients are disproportionately treated at a Ward Level, and likely
reflects decisions being made in appropriateness of admission to critical care. Similar
patterns are observed in patients with more advanced CRC, where those with Stage
IV disease are much more frequently treated at a Ward Level, rather than in Critical

Care.

As noted in Chapter 1, socio-economic factors impact both uptake of CRC screening,
and ultimately CRC treatment outcomes. There is a a larger than expected proportion
of patients in SIMD 1, the most socioeconomically deprived quintile, (24%) in the
Emergency - Organ Support subcohort, and a smaller than expected proportion of

patients from SIMD 5, the most affluent (15%).
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Several limitations already emerge in my initial description of the six subcohorts.
Some of these limitations reflect the nature of registry data, and some reflect deci-
sions | have made with cohort stratification. As noted in the Introduction chapter and
above, there are several key patient and disease related factors that are not con-
sistently available. Clinical frailty is likely to play a significant role in determining
who receives what forms of treatment and where such a treatment is administered,
impacting decisions for Oncologists, Surgeons, and Intensivists. However whilst it is
now routinely captured for all critical care admissions from 2020 onwards, it is not
routinely recorded in SMRO1 or other datasets for hospital admissions more broadly.
Similarly above | have observed differences between patient groups, such as the pro-
portion of patients with dementia, and assumed that relates to decisions made by
the patients, their families, and the professionals treating them. However without
recorded information on factors such as ‘critical care referral considered’, or ‘re-
ferral made but determined not for admission’, it cannot be determined if these
assumptions are true. Whilst some hospitals in Scotland do record critical care refer-
rals in electronic records, this is certainly not standard practice nationwide. Even if it
became standard practice, it would still fail to capture such cases where critical care
referral is considered, but there is a recognition that the patient could not benefit,

and so referral is not made.

Similarly, | observed overwhelming levels of missing data for cancer stage from SMR06.
Missing data for cancer stage in registry data is unfortunately common. Segaard and
Olsen 2012 noted missing data for ‘two-thirds of prostate cancer patients and more
than half of bladder cancer patients’. They also note that this missing data is likely
not at random (MNAR), where missing data increases for more comorbid and elderly
patients (Segaard and Olsen 2012). My attempt to gain further information on disease
stage for some patients shows potential in using other health care records such as
SMRO01, identifying an additional substantial proportion of patients. However, the de-
gree of clarity in classification is poor. | cannot say with certainty that the ‘Metastatic

Disease Known’ variable identifies all patients with Stage IV disease, or that it doesn’t
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include patients with other metastatic cancers. As such, the descriptions of differ-
ences between groups is the total extent that these variables will be used for in this
thesis, and other methods to identify patients with similar disease stages are used in

the following chapters.

The last key limitation starting to emerge at this point is the criteria set for Organ
Support. Including all patients who received any form of Organ Support in critical
care, does not accurately stratify the ‘Critically Ill’ from those that are not. There
will be patients in this cohort who received organ support for less than 24 hours in
total, perhaps some metaraminol post operatively, or had delayed extubation fol-
lowing major surgery, or even on their routine renal replacement therapy, and do
not meet most intensivists definition of being truly ‘critically ill’. As described in the
following chapters, despite this limitation, differences in patient outcomes can still
be observed. The final analysis chapter (Chapter 8) uses a stricter cohort definition

for those with organ support, to explore their outcomes more specifically.

As strengths for this chapter, despite the point that the cohort of ‘organ support’
could benefit from a stricter definition, this stratification into ‘organ support’ ver-
sus ‘monitoring’ is still a progression from previous published work investigating CRC
outcomes in critical care, where the standard criteria for critically ill remains ‘ad-
mission to critical care’. As identified in this chapter, such a definition used in other
work is likely inadequate for this population, where the majority of elective admis-
sions receive some treatment in critical care, and critical care admission should be
almost considered the normal route. Additionally where | have observed interaction
between the variables of nature of hospital admission, and levels of support in hospi-
tal, this justifies my initial decision to investigate 6 subcohorts in total, rather than

solely stratifying by level of support during admission. Use of routinely collected reg-
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istry data has allowed identification of almost 40,000 patients with CRC treated in
hospital in Scotland, and allowed for stratification by patient demographics, disease-
related, and admission-related factors. The majority of variables of interest have no

missing data, and can be included within relevant analysis.

4.4 Conclusion

The work in this chapter has allowed me to demonstrate the meaningful differences
in patient characteristics, between the six subcohorts defined by this thesis. In not-
ing these differences, this has highlighted the importance in stratifying the patient

population in such a way.

Patients presenting to hospital electively appear already to be on a different cancer
course than those who present emergently. Whilst elective patients appear slightly
younger, and less comorbid than their emergency counterparts; the key differences
for elective patients appears to be their route to diagnosis (greater levels of screen-
ing), stage of disease (less metastatic disease), treatments (more operations), and

treatment intent (more curative intent).

Patients treated at a ward level cannot be considered to be the “well” cohort when
compared against those treated in critical care. Unmeasured factors, likely decisions
made by patients and clinicians about the appropriateness of treatments, precludes
this. Instead for patients with CRC, those treated in critical care who receive moni-
toring only should be considered our “well” baseline. These are the patients who are
youngest, least comorbid, most likely to be diagnosed through screening, and with an

earlier stage of disease.
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This chapter has allowed demonstration of the benefits of reliance on registry data,
identifying all patients with CRC in Scotland, linking 94% of these patients to records
of hospital admission, and using these inpatient records plus registry data to provide
information on: baseline patient characteristics, comorbidity, cancer specific mea-
sures, and details of hospital admissions. This chapter has also demonstrated some
of the deficiencies when relying on registry information, highlighted by considerable
lack of information on Anatomic Stage for the majority of patients, and lack of other

relevant variables such as functional status or clinical frailty.

Noting the differences in patient characteristics between our six subcohorts, in the
following chapters | aim to investigate whether differences translate into outcomes
both for CRC treatment receipt and quality, as well as patient centred factors such as
overall survival. In investigating such differences, in the following chapters | will look
at both unadjusted differences between six subcohorts, as well as investigating any
specific adjusted impact of “critical illness” itself (whilst acknowledging my relatively
inexact definition of critical illness). Noting the significant differences in demograph-
ics between the six subcohorts, it is likely that significant adjustment for these differ-
ences will need to be made in the following chapters, both through targeted filtering
of subcohorts where appropriate (minimising other differences between subcohorts),

and accounting for differences with multivariable regression modelling.

The next chapter, Chapter 5 investigates differences in measures of cancer care qual-

ity using the national cancer Quality Performance Indicators.



Chapter 5

Quality Performance Indicators

5.1 Introduction

Colorectal cancer (CRC) care in Scotland is assessed annually at the local, regional,
and national level. This programme of auditing tumour specific care was established
in March 2012, and is known as the Quality Performance Indicators (QPIs) (Health-
care and Healthcare Improvement 2012). Created with the aim to both measure and
minimise variations in quality of cancer care in Scotland, QPIs were developed by
the National Cancer Quality Steering Group, following recommendations by the Scot-
tish Cancer Taskforce (Healthier Scotland 2008; Scottish Cancer Taskforce 2021). The
taskforce themselves had been created following the 2008 Scottish Government Re-
port “Better Cancer Care, An Action Plan” (Healthier Scotland 2008). This Scottish
government report noted that Scottish patients had lower survival for some cancer
types than other European countries (Healthier Scotland 2008). This difference in sur-
vival was also demonstrated in EUROCARE-5, a pan-European assessment of cancer
survival using patients diagnosed between 2000 and 2007. In data from EUROCARE-5,
Scotland had an age-standardised 5-year survival rate of CRC of 53.9%, compared to

the Northern European average of 59% (Holleczek et al. 2015).

146
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To develop QPIs, each measure of care quality selected was required to have three
attributes: being clinically important, with evidence that they impacted clinical out-
comes, and being straightforward to measure. Version 1.0 of the Colorectal Cancer
QPIs was published in December 2012, and there have been several updates following
review of priorities and available evidence. The current version (5.0) was published
in September 2025 (National Cancer Quality Steering Group 2025). The timeline of
CRC QPIs is shown in Figure 1.2 (Chapter 1, page 23).

Not all patients will be eligible for all QPIs, and each QPI is only measured against the
eligible population. QPI versioning did change over the time period covered by this
dataset. Version 3.4 was the most recent version covering this time period, and had
minimal differences with previous versions. As such Version 3.4 was used for analysis
in this chapter. The CRC QPIs of version 3.4 are reproduced in Table 5.1. Version 3.4
has 12 QPlIs, although six are divided further, giving 21 targets in total (Dawson 2018).

CRC QPIs can be broadly categorised into pre-operative, peri-operative and post-

operative. Those QPIs pertaining to pre-operative management include:

» Radiological staging (QPI 1i and 1ii)
» Pre-operative imaging (QPI 2)

o Pre-treatment multi-disciplinary meeting (QPI 3)

The peri-operative QPIs include:

Anticipatory stoma care (QPI 4)

Adequate lymph node yield (QPI 5)

Neo-adjuvant therapy in appropriate patients (QPI 6)

Adequate surgical margins (QPI 7i and 7ii)

Re-operation rates (QPI 8)

Anastomotic dehiscence rates (QPI 9i and 9ii)
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The post-operative QPIs include:

» Post-operative mortality rates at 30 and 90 days (QPI 10i Elective, QPI10i Emer-
gency, QPI 10ii Elective and QPI 10ii Emergency)

« Use of adjuvant chemotherapy in appropriate patients (QPI 11-Stage Il and QPI
11-High-Risk Stage Il)

» Mortality rates at 30 and 90 days post chemo- or radio-therapy (QPI 12i-30, QPI
12i-90 and QPI 12ii-30)

Each QPI has a minimum target for the proportion of the population that should meet
it, and this differs for each indicator. Each QPI aims either for the majority of pa-
tients to receive the care described, or for the minority of patients to experience the
adverse outcome. As illustration: QPI 1i, assessing the level of radiological staging of
disease, states that > 95% of eligible patients should have CT Chest, Abdomen, and
Pelvis before definitive treatment of their CRC. A population of interest are consid-

ered to meet the QPI if the target is met or exceeded.

When undergoing treatment for CRC, patients with CRC are the largest cohort of
patients with solid organ malignancies admitted to surgical intensive care units (44%)
(Puxty et al. 2018, 2015). Critical illness during cancer treatment may represent a
significant disruption, one that impairs the likelihood of receipt of cancer treatment,
and of meeting cancer quality indicators. Recovery from critical illness, with the
associated increased hospital length of stay and disability, may postpone or even

prevent planned cancer treatments.

In this chapter | describe how rates of attainment of QPI targets differ between
the subcohorts of the CRC population. The subcohorts are stratified using the same
method as the previous chapters: both by nature of admission (elective versus emer-
gency), and level of care during inpatient admission (ward level, critical care with

monitoring, critical care with organ support).
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After describing overall differences in QPl attainment, | investigate one QPI (QPI 11) in
additional detail. QPI 11 is the quality performance indicator that measures receipt of
timely adjuvant chemotherapy, following resection of colorectal cancer with curative
intent. Timely adjuvant chemotherapy is associated with decreased disease recur-
rence and increased survival for patients with colorectal cancer. A recently published
meta-analysis found that with each four week delay to starting adjuvant chemother-
apy for CRC, patient mortality increases, with a hazard ratio of 1.13. (Hanna et al.

2020).

Scottish QPI (up to but not including V5.0) consider timely adjuvant chemotherapy
to be adjuvant chemotherapy commenced within 12 weeks of surgical resection. |
aimed to determine whether receiving organ support during hospital stay was associ-
ated with changes in receipt of adjuvant chemotherapy, as measured by QPI 11. As
discussed later, Version 5.0 takes on the findings of Hanna et al. 2020 and other work,
and tightens the target to chemotherapy within 8 weeks of surgical resection. In this
chapter | assess performance against the target set at the time of care, which was a
target of 12 weeks. Another noteworthy point for the patient population assessed by
QPI 11, is that the eligible population includes only those between 50 and 74 years
of age, excluding a significant proportion of older patients who do receive adjuvant

chemotherapy.

| hypothesised that patients receiving organ support would have lower rates of QPI
attainment, and that patients admitted as an emergency to hospital would have lower
rates of QPl attainment than patients admitted electively. Additionally, | hypothesised
that critical illness would be negatively associated with attainment of timely adjuvant

chemotherapy (QPI 11).
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Table 5.1: Quality Performance Indicators: Titles, Variable Labels, & Descriptions,
QPI 1: Radiological Diagnosis and Staging
QPI1i, QP1lii
Patients with colorectal cancer should be evaluated with appropriate imaging to detect extent of disease and guide treatment decision making.
Proportion of patients with colorectal cancer who undergo CT chest, abdomen and pelvis (colorectal cancer) plus MRI pelvis (rectal cancer only)
before definitive treatment.
i:Colon cancer who undergo CT chest, abdomen and pelvis; and
ii: Rectal cancer who undergo CT chest, abdomen and pelvis, and MRI (pelvis).
QPI 2: Pre-Operative Imaging of the Colon
QP12
Patients with colorectal cancer undergoing elective surgical resection should have the whole colon visualised pre-operatively.
Proportion of patients with colorectal cancer who undergo elective surgical resection who have the whole colon visualised by colonoscopy
or CT Colonography pre-operatively, unless the non-visualised segment of colon is to be removed
QPI 3: Multi-Disciplinary Team (MDT) Meeting
QPI3
Patients should be discussed by a multi-disciplinary team prior to definitive treatment.
Proportion of patients with colorectal cancer who are discussed at MDT meeting before definitive treatment.
QPT 4: Stoma Care
QPI4
Patients with colorectal cancer who require a stoma are assessed and have their stoma site marked pre-operatively by a nurse with expertise in
stoma care.
Proportion of patients with colorectal cancer who undergo elective surgical resection which involves stoma creation who are seen
and have their stoma site marked pre-operatively by a nurse with expertise in stoma care.
QPI 5: Lymph Node Yield
QPI5
For patients undergoing resection for colorectal cancer the number of lymph nodes examined should be maximised.
Proportion of patients with colorectal cancer who undergo surgical resection where 12 lymph nodes are pathologically examined.
QPI 6: Neo-adjuvant Therapy
QPI6
Patients with locally advanced rectal cancer should receive neo-adjuvant therapy designed to facilitate a margin-negative resection.
Proportion of patients with locally advanced rectal cancer with threatened or involved circumferential resection margin (CRM)
on preoperative MRI who receive neo-adjuvant therapy, designed to facilitate a margin-negative resection, defined as:
(i) Long course chemoradiotherapy
(ii) Long course radiotherapy
(iii) Short course radiotherapy with long course intent (delay to surgery*); or
(iv) Neo-adjuvant chemotherapy.

QPI 7: Surgical Margins

QPI7i, QPI7ii

Rectal cancers undergoing surgical resection should be adequately excised.

Proportion of patients with rectal cancer who undergo surgical resection in which the circumferential margin is clear of tumour. Please note:
(i) Primary surgery, or immediate / early**surgery following neo-adjuvant short course radiotherapy; and

(ii) Surgery following neo-adjuvant chemotherapy, long course chemoradiotherapy, long course radiotherapy, or short course

radiotherapy with long course intent (delay to surgery*).

QPI 8: Re-operation Rates

QPI8

For patients undergoing surgery for colorectal cancer re-operation should be minimised

Proportion of patients who undergo surgical resection for colorectal cancer who return to theatre to deal with complications related to the index
procedure (within 30 days of surgery)

QPI 9: Anastomotic Dehiscence

QPI9i, QPIYii

For patients who undergo surgical resection for colorectal cancer anastomotic dehiscence should be minimised.

Proportion of patients who undergo surgical resection for colorectal cancer with anastomotic leak as a post operative complication.
(i) Colonic anastomosis; and

(ii) Rectal anastomosis (including anterior resection with total mesorectal excision (TME))

QPI 10: 30 and 90 Day Mortality Following Surgical Resection

QPI10i_elec, QPI10i_emerg, QPI10ii_elec, QPI10ii_emerg

Mortality after surgical resection for colorectal cancer.

Proportion of patients with colorectal cancer who die within 30 or 90 days of emergency or elective surgical resection.

(i) Proportion of patients with colorectal cancer who undergo emergency or elective surgical resection who die within 30 days of surgery.
(ii) Proportion of patients with colorectal cancer who undergo emergency or elective surgical resection who die within 90 days of surgery.

QPI 11: Adjuvant Chemotherapy

QPI11_C, QPI11_B

Patients with Dukes C and high-risk Dukes B colorectal cancer should be considered for adjuvant chemotherapy.

Proportion of patients between 50 and 74 years of age at diagnosis with Dukes C, or high-risk Dukes Bf,colorectal cancer who receive adjuvanti
chemotherapy

t High risk Dukes B colorectal cancer is defined as patients with (pT4a or pT4b disease) with / without extramural venous invasion,

or pT'3 pNO M0 with extramural venous

invasion. { Adjuvant chemotherapy in this instance is defined as chemotherapy treatment which commences within 12 weeks of surgical resection.

QPI 12: 30 and 90 Day Mortality Following Chemotherapy or Radiotherapy

QPI12i_30, QPI12i_90, QPI12ii_30

Mortality after chemotherapy or radiotherapy treatment for colorectal cancer.

Proportion of patients with colorectal cancer who die within 30 or 90 days of chemotherapy or radiotherapy treatment..

(i) Proportion of patients with colorectal cancer who undergo neo-adjuvant chemoradiotherapy, radiotherapy or adjuvant chemotherapy with curative
intent who die within 30 or 90 days of treatment.

(ii) Proportion of patients with colorectal cancer who undergo palliative chemotherapy who die within 30 days of treatment

Adapted from Colorectal Cancer Measurability Criteria v3.4 (Dawson 2018)
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5.2 Methods

5.2.1 Data Sources

Data stored on the Scottish National Safe Haven as part of the Colorectal Cancer

Repository (CORECT-R) was used for this analysis. This contained information from:

SMRO06 - Scottish Cancer Repository

SMRO1 - Daycase and Inpatient Information

SICSAG - Critical Care Admission and Level of Support

QPI - Quality Performance Indicator Attainment

Patient information was collated and joined as described in Chapter 3.

Analysis in this chapter was dependent on information from the Scottish QPI dataset.
As noted in Chapter 4, anatomic stage could not be adequately interpreted using
SMRO06. Instead, the work of this chapter uses anatomic stage as recorded in the
QPI dataset. As a result, the population available for analysis was limited to 15,477

patients as shown in Figure 5.1.

5.2.1.1 Defining Clinically Meaningful Difference

No consensus or recommendations exist in oncology literature regarding clinically
meaningful differences for QPI attainment rates. As a result | took a statistical ap-
proach to define Minimum Clinical Important Difference (MCID) in this chapter; where
the Region of Practical Equivalence (ROPE) is set at the range of -0.1 to 0.1 of a stan-

dardised parameter (Makowski et al. 2019a; Kruschke 2018).
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Figure 5.1: CONSORT diagram showing patient selection for QPI analysis. QPI dataset used
for demographics and QPI attainment. ‘Patients Eligible for QPI 11’ used for multivariable
analysis

| defined ROPE as 10% of the standard deviation from the baseline target (Makowski
et al. 2019a). Taking the range of targets from Scottish CRC QPlIs, including only those
that focused on clinical care, the average target for a measure of cancer care quality
was 91%. This 91% target would have a standard deviation of 0.28, with ROPE of 0.028
(2.8%), rounded to 3%.

Using this approach, ROPE for OR of achieving CRC QPI’s was set at range of -0.03
to 0.03. Use of this 3% difference in odds as the threshold for MCID, coincidentally is
comparable to estimates for MCID in a range of critical care trials from Yarnell et al.

2021 (Yarnell et al. 2021).
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5.2.1.2 Probability of Effect Size

Variable selection for Bayesian multivariable regression was performed through initial
univariable analysis, allowing for selection of variables which appeared likely to have
an impact on the outcomes of interest. Probability of direction (PD) was used to set
the threshold for variable inclusion in multivariable analysis. PD > 95% was selected

as the threshold, being analogous to the frequentist threshold of p < 0.1 .

5.2.1.3 Model Creation

Multivariable models were developed repeatedly using differing priors (uninforma-
tive, sceptical, optimistic, and pessimistic), with baseline values for each model pri-
ors set following the recommendations of Zampieri et al. 2021. Zampieri and col-
leagues recommend that an uninformative / weakly informative prior should have
95% of the probability distribution sit between OR values of % and 2 (i.e.N(u =0, o
= 0.355)). For a sceptical prior, they recommend that 95% of the probability distri-
bution should sit between OR values of % and 1.5. For Optimistic, and Pessimistic
priors they recommend a distribution centred on the expected OR, that still allows
for the opposite to the expected outcome occurring (e.g benefit was expected but

harm is observed). See Section 2.3.2.1 for more details on specifying prior beliefs.

Prior distributions’ baseline values for Mean and Standard Deviation are provided be-

low:

Uninformative ~ Normal(Mean (i) = 0, Standard Deviation (o) = 0.355)

Sceptical ~ Normal(u = 0, o = 0.205)

Optimistic ~ Normal(u = 0.15, o = 0.205)

Pessimistic ~ Normal(u = -0.15, o = 0.205)
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Each model included: 10 chains, 1000 burn-in steps, and 5000 total steps.

The nature of admission to hospital (Elective, Emergency) and level of support re-
ceived in hospital (Ward Level, Monitoring, Organ Support) were considered to be
interacting variables. To aid interpretation of this interaction, result summaries are
provided as if the combination were a single variable (as opposed to providing a main
and interaction effect). In result summaries, the comparator for each of these four
groups, are patients with the same nature of admission being monitored in critical

care.

elective_os - Elective Admission receiving Organ Support

elective_ward - Elective Admission receiving Ward Care

emergency_os - Emergency Admission receiving Organ Support

emergency_ward - Emergency Admission receiving Ward Care

Where inclusion of variables from single variable models would have introduced du-
plication, such as the combination of Age At Diagnosis (continuous variable) with Age
Group (ordinal factor), or comorbidity specific variables with comorbidity counts,
variable selection was made on the basis of model parsimony. Summary of the model

used is provided in Table 5.2.

Table 5.2: Summary of Bayesian Models Used in QPI Analysis

Model Outcome of Interest Model Variables Included

ID Family

QPI 11 Attaining QPI 11 Bernoulli Support In Hospital * Nature of Admission
(Timely Adjuvant + Age + CRC Stage + Comorbidities (N)
Chemotherapy) + Hospital Length of Stay (Days)

+ Method of Diagnosis + Sex + SIMD Quintile
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5.3 Results

5.3.1 Demographics

15,477 patients were identified and categorised into subcohorts within the QPI dataset.
The characteristics of each are shown in Table 5.3, along with results of Bayes Factor
testing for differences between subcohorts. An introduction to the use of Bayes Fac-
tor in Null Hypothesis Significance Testing is provided in Table 2.1, page 70. As the
patients included within the analysis of this chapter are a subset of those included in
the total thesis (as noted in Figure 5.1), the following section covers patient demo-

graphics for the cohort investigated within this chapter.

5.3.1.1 Patient Characteristics

Among the overall population the median age was 72 years (IQR 63-80), however age
distribution differed between the six subcohorts (BF > 100). Each Emergency group
had a greater median age than their Elective counterpart (increase of 1 to 6 years).
Emergency - Ward Level patients were the subcohort with the oldest median age (77

years, 67-84). Elective - Monitoring had the youngest median age (70 years, 61-77).

The overall proportion of female patients was 45%. Most subcohorts had a percentage
of female patients within 2% of the population median, however Elective - Organ

Support differed, with 39% of the cohort female patients (BF > 100).
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Within the overall cohort, the proportion of patients in each SIMD quintile sat close
to the expected proportion of 20% (Quintile 1 - Most Deprived - 19%, Quintile 5 - Most
Affluent - 20%). However there were differences at the extremes of SIMD (BF: Quintile
1: >100, Quintile 5: 22.5). Emergency - Organ Support and Emergency - Ward Level
had the greatest proportions of patients from the most deprived quintile (24% and
23% respectively). Elective - Monitoring had the greatest proportion of patients from
the most affluent quintile (23%), and the smallest proportion from the most deprived
(16%). There was evidence of no difference in proportions of the six subcohorts in the
3 SIMD quintiles in the middle of the distribution (Quintile 2,3,4, BF: <0.01, <0.01,
0.06 respectively).

5.3.1.2 Comorbidities

The overall proportion of patients with no additional comorbidities to cancer was 72%.
The subcohorts with the greatest proportion of patients with no additional comorbidi-
ties were: Elective - Ward Level (78%) and Elective - Monitoring (77%) (BF >100). The
overall proportion of patients with multiple additional comorbidities was 7.3%. The
three subcohorts with the greatest proportion of patients with multiple additional
comorbidities were: Elective - Organ Support (11%), Emergency - Ward Level (11%),

and Emergency - Organ Support (9.7%) (BF >100).

The proportion of patients with named comorbidities differed between the six sub-
cohorts (BF >100). Elective - Organ Support, Emergency - Ward Level, and Emergency
- Organ Support had the greatest proportions of patients with each comorbidity. As
an example, the population prevalence of Cardiac Disease was 7.8%, but the above
three subcohorts had 11%, 11% and 10% (BF > 100). The same was seen for Respira-
tory Disease, where population prevalence was 10%, and the above three subcohorts

had 15%, 13%, and 15% (BF > 100). The only comorbidity where a different pattern
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was observed was dementia (overall proportion, 1.6%, BF >100). Ward Level subco-
horts had the greatest proportion of patients with dementia in both Elective (1.2%)
and Emergency (4%) admissions. Each Emergency subcohort had an equal or greater

proportion of patients with dementia, compared to their Elective counterpart.

5.3.1.3 Disease Specific and Admission Characteristics

Looking at the two most common methods of diagnosis: the overall population had
17% diagnosed through screening, 79% through clinical presentation. Patients differed
in the proportions diagnosed through screening, clinical presentation, and incidental
finding (BF >100). All elective cohorts had > 20% diagnosed through screening (20-
26%). All emergency cohorts had < 5% diagnosed through screening (2.7-4.1%), and

all emergency cohorts had > 90% diagnosed through clinical presentation (90-95%).

The median time to diagnosis differed between the six subcohorts (BF >100). With
such a majority of emergency patients diagnosed through clinical presentation during
their index hospital admission, the median interval between diagnosis and admission
in all emergency groups was 0 days. Among elective patients this interval ranged from
44 (21-76) days for Elective - Ward Level, and 67 (40,133) days for Elective - Organ
Support patients.

Proportion of patients admitted under surgical specialties differed between subco-
horts (BF >100), as did proportion of patients experiencing operations during admis-
sion (BF >100). The overall proportion of patients admitted under care of surgical
specialties was 85%, and the overall proportion of patients receiving at least one op-
eration during their admission was 68%. Emergency - Ward Level had the smallest

proportion of surgical admissions (53%), and operations (16%). Elective - Monitoring
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had the greatest proportion of surgical admissions (100%), and operations (95%). The
proportion of patients experiencing multiple operations was 10% overall, and the two
subcohorts with the greatest proportion of multiple operations were: Elective - Organ

Support (25%) and Emergency - Organ Support (22%).

The median hospital length of stay was 8 days. Hospital length of stay increased as
the level of support received in hospital increased (BF >100). All emergency subco-
horts had longer median lengths of stay than their elective counterpart. As such the
subcohort with the longest median length of stay was Emergency - Organ Support (22

days), and the subcohort with the shortest was Elective - Ward Level (5 days).

The overall proportion of patients receiving forms of organ support was similar to the
proportions seen within the elective and emergency subcohorts. There was evidence
of no difference between elective and emergency organ support patients in regards
to the receipt of cardiovascular support (BF 0.099) and renal replacement therapy
(BF 0.27). The exception to this was ventilation (BF >100). Among Emergency - Organ
Support the proportion of patients receiving ventilation was 51%. Among Elective -

Organ Support this proportion was 36%.

Stage IV disease was markedly higher in Emergency - Ward Level (55%) compared to
all other groups and overall proportion (23%) (BF >100). Elective critical care groups
had the lowest proportion of patients with stage IV disease (Monitoring - 7.5%, Organ
Support - 10%) (BF >100). It is worth noting that stage as recorded by QPI is separate
to stage as SMR06, and whilst there was missing data (21%, n=3,229), this was not at

the same magnitude as the limitations observed with SMR06 recorded values.
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Curative intent, as recorded as part of the QPI dataset, was dramatically different
between subcohorts (overall proportion 64%, BF >100): greatest in elective critical
care subcohorts (Monitoring - 87%, Organ Support - 83%), lesser in emergency critical
care (Monitoring - 62%, Organ Support - 62%), and least in Emergency - Ward Level
(23%).

5.3.1.4 Summary

The six subcohorts differ between each other in almost all aspects.

Emergency subcohorts tend to be older and more unwell than Elective (both in mea-
sures of comorbidity and organ failure during admission); they present with more
advanced stages of disease and are less likely to be treated with curative intent.
Organ Support patients tend to be more comorbid than patients admitted for mon-
itoring; they are more likely to have multiple admissions and have longer stays in

hospital and critical care.

In Elective subcohorts, Ward Level and Monitoring appear to have similar composi-
tions to one another. However, Emergency - Ward Level patients, when contrasted
both against Elective - Ward Level, and the other two Emergency subcohorts, have
greater levels of patient comorbidity, fewer patients receiving operative interven-
tion, greater proportions of patients with more advanced disease, and a greater pro-

portion of patients treated with non-curative intent.
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Table 5.3: Characteristics of Subcohorts Assessed for Quality Performance Indicators

Characteristic Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Ward Level  Monitoring Organ Ward Level ~ Monitoring Organ
Support Support
N = 15,477 N = 3,491 N = 5,452 N=1,182 N = 3,606 N=1,197 N = 549
Age At Diagnosis 72 (63, 80) 71 (63, 79) 70 (61, 77) 71 (64, 78) 77 (67, 84) 71 (62, 80) 74 (66, 82) >100
Female Sex 5,126 (45%) 1,327 (46%) 1,606 (44%) 346 (39%) 1,281 (47%) 392 (47%) 174 (43%) >100
SIMD (quintile) -
1 2,911 (19%) 628 (18%) 893 (16%) 219 (19%) 829 (23%) 213 (18%) 129 (24%) >100
2 3,181 (21%) 681 (20%) 1,086 (20%) 249 (21%) 790 (22%) 260 (22%) 115 (21%) <0.01
3 3,204 (21%) 725 (21%) 1,143 (21%) 249 (21%) 714 (20%) 262 (22%) 111 (20%) <0.01
4 3,057 (20%) 751 (22%) 1,100 (20%) 267 (23%) 628 (17%) 214 (18%) 97 (18%) 0.058
5 3,114 (20%) 704 (20%) 1,227 (23%) 198 (17%) 643 (18%) 246 (21%) 96 (18%) 22.5
Comorbidities (N)
None 11,191 2,711 (78%) 4,173 (77%) 740 (63%) 2,336 (65%) 879 (73%) 352 (64%) >100
(72%)
One 3,152 (20%) 588 (17%) 1,001 (18%) 317 (27%) 871 (24%) 231 (19%) 144 (26%) >100
Multiple 1,134 192 (5.5%) 278 (5.1%) 125 (11%) 399 (11%) 87 (7.3%) 53 (9.7%) >100
(7.3%)
Comorbidities (Named) -
Cardiac 1,203 214 (6.1%) 328 (6.0%) 133 (11%) 398 (11%) 73 (6.1%) 57 (10%) >100
(7.8%)
Respiratory 1,587 (10%) 255 (7.3%) 473 (8.7%) 182 (15%) 461 (13%) 135 (11%) 81 (15%) >100
Renal 970 (6.3%) 202 (5.8%) 215 (3.9%) 83 (7.0%) 342 (9.5%) 80 (6.7%) 48 (8.7%) >100
Diabetes 1,682 (11%) 302 (8.7%) 561 (10%) 196 (17%) 434 (12%) 117 (9.8%) 72 (13%) >100
Dementia 242 (1.6%) 43 (1.2%) 27 (0.5%) 5 (0.4%) 143 (4.0%) 14 (1.2%) 10 (1.8%) >100
Surgical Admission 13,188 3,007 (86%) 5,442 1,174 (99%) 1,921 (53%) 1,131 (94%) 513 (93%) >100
(85%) (100%)
Operations -
During Admission
None 5,028 (32%) 1,370 (39%) 285 (5.2%) 98 (8.3%) 3,018 (84%) 176 (15%) 81 (15%) >100
One 8,887 (57%) 1,922 (55%) 4,407 (81%) 789 (67%) 528 (15%) 894 (75%) 347 (63%) >100
Multiple 1,562 (10%) 199 (5.7%) 760 (14%) 295 (25%) 60 (1.7%) 127 (11%) 121 (22%) >100
Diagnosis To Admn 42 (0, 85) 44 (21,76) 60 (38,109) 67 (40, 133) 0 (0, 48) 0 (0, 29) 0(0, 19) >100
(days)
Hospital Duration (days) 8 (5, 15) 5(2,9) 8 (6, 12) 14 (8, 24) 83,19 14 (9, 22) 22 (12, 39) >100
Critical Care 1(0, 3) NA 2(1,4) 5@3,7) NA 3(2,4) 5(3,9) >100
Duration (days)
Critical Care Planned 5,513 (36%) NA 4,602 (84%) 674 (57%) NA 195 (16%) 42 (7.7%) >100
APACHE I 13.0 (10.0, NA 11.0 (9.0, 15.0 (12.0, NA 11.0 (9.0, 17.0 (13.0, >100
17.0) 13.0) 19.0) 15.0) 22.2)
Organ Support -
Vasoactive 1,551 (90%)  NA NA 1,051 (89%)  NA NA 500 (91%) 0.099
Ventilated 703 (41%) NA NA 425 (36%) NA NA 278 (51%) >100
Renal 105 (6.1%) NA NA 62 (5.2%) NA NA 43 (7.8%) 0.27
Method of First -
Detection
Screening 2,678 (17%) 800 (23%) 1,429 (26%) 239 (20%) 146 (4.0%) 49 (4.1%) 15 (2.7%) >100
Incidental 488 (3.2%) 99 (2.8%) 124 (2.3%) 37 (3.1%) 188 (5.2%) 29 (2.4%) 11 (2.0%) >100
Clinical 12,225 2,561 (73%) 3,864 (71%) 901 (76%) 3,262 (90%) 1,115 (93%) 522 (95%) >100
(79%)
Other/ <0.01
Not Known 86 (0.6%) 31 (0.9%) 35 (0.6%) 5 (0.4%) 10 (0.3%) 4(0.3%) 1 (0.2%) <0.01
Anatomic Stage -
0 261 (2.1%) 78 (2.8%) 17 (0.4%) 5 (0.5%) 149 (5.6%) 6 (0.6%) 6 (1.3%) >100
I 1,709 (14%) 504 (18%) 806 (18%) 171 (17%) 167 (6.2%) 40 (4.1%) 21 (4.6%) >100
1A 2,645 (22%) 648 (24%) 1,258 (28%) 247 (25%) 262 (9.8%) 168 (17%) 62 (14%) >100
1IB 648 (5.3%) 104 (3.8%) 228 (5.1%) 47 (4.8%) 105 (3.9%) 101 (10%) 63 (14%) >100
I 4,209 (34%) 855 (31%) 1,788 (40%) 412 (42%) 523 (20%) 411 (42%) 220 (49%) >100
v 2,776 (23%) 550 (20%) 332 (7.5%) 103 (10%) 1,469 (55%) 242 (25%) 80 (18%) >100
Unknown 3,229 752 1,023 197 931 229 97 -
Objectives of -
Treatment
Curative 9,908 (64%) 2,305 (66%) 4,727 (87%) 983 (83%) 814 (23%) 740 (62%) 339 (62%) >100
Non-curative 5,132 (33%) 1,116 (32%) 540 (9.9%) 160 (14%) 2,729 (76%) 396 (33%) 191 (35%) >100
Not Known 437 (2.8%) 70 (2.0%) 185 (3.4%) 39 (3.3%) 63 (1.7%) 61 (5.1%) 19 (3.5%) 81.6

Continuous Variables: Mean (IQR). Categorical Variables: N (%). Bayes Factor (BF): Evidence for

group differences. Continuous variables analysed using ANOVA Bayes Factor from median and
IQR. Categorical variables analysed using contingency table Bayes Factor. BF > 10 considered
strong evidence of difference between groups. BF < 0.1 considered strong evidence of no dif-
ference between groups
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5.3.2 QPI Attainment

The six subcohorts differ in rates of QPI attainment (BF 19.6). Table 5.4 reports the
number of QPIs achieved, the number missed, and the overall percentage of QPIs
achieved, stratified by subcohort. While the overall cohort met 71% (15 of 21) of the
QPIs set, Elective - Organ Support had an attainment rate half of this at 33% (7 of
21). Emergency - Organ Support was the lowest performing subcohort, attaining 21%

of all QPIs (4 of 19).

Each emergency subcohort achieved a smaller proportion of QPIs than their elective
counterpart, and Organ Support subcohorts were the poorest performing subcohorts
among elective and emergency admissions. The subcohort meeting the greatest pro-
portion of QPI targets was Monitoring. Elective - Monitoring met 76% (16 of 21) of
QPI targets, compared to Elective - Ward meeting 67% (14 of 21). Emergency - Mon-
itoring met 60% (12 of 20) of targets, compared to Emergency - Ward meeting 48%
(10 of 21). As noted here, the denominator (the total number of QPIs being assessed
against) does change for each subcohort, as subcohorts are excluded when they do

not contain any eligible patients.

Table 5.4: Proportion of QPIs Attained By Each Subcohort

Overall Elective Emergency Bayes Factor
Ward Monitoring Organ Support Ward Monitoring Organ Support
QPI Met 15 14 16 7 10 12 4
QPI Failed 6 7 5 14 11 8 15
Percentage QPI Met (%) 71.4 66.7 76.2 33.3 47.6 60 21.1 19.6

Bayes Factor (BF): Evidence for group differences using contingency table analysis
BF > 10 considered strong evidence of difference. BF < 0.1 considered strong evidence of no difference between groups

Table 5.5 provides detail at the level of each QPI, the target percentage, the per-
centage achieved by the overall population, and the percentage achieved by each
subcohort. When a subcohort achieved the target percentage, the cell in the table
has been highlighted in blue. When a subcohort missed the target percentage, the
cell has been highlighted in red. Testing for differences between proportions achiev-

ing each QPI are reported with Bayes Factors.
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Table 5.5: Attainment of Quality Performance Indicators Among Each Subcohort
QPI Target Overall Elective Elective Elective Emergency Emergency Emergency Bayes
(%) Factor
Ward Level ~ Monitoring Organ Ward Level  Monitoring Organ
Support Support
N=15,477 N = 3,491 N = 5,452 N=1,182 N = 3,606 N=1,197 N = 549
Pre-Operative
QPI 1i >95 6,067 (97%) 1,602 (97%) 3,196 (97%) 566 (98%) 504 (92%) 150 (93%) 49 (88%) >100
Excluded 9,198 1,841 2,164 604 3,061 1,035 493
QPI 1ii >95 2,465 (95%) 526 (95%) 1,409 (94%) 345 (95%) 123 (100%) 48 (94%) 14 (82%) >100
Excluded 12,873 2,936 3,957 819 3,483 1,146 532
QPI 2 >95 7,581 (91%) 1,955 (94%) 4,317 (91%) 859 (91%) 256 (86%) 153 (79%) 41 (67%) >100
Excluded 7,144 1,412 691 240 3,309 1,004 488
QPI 3 >95 12,210 3,134 (96%) 5,099 (98%) 1,033 (98%) 2,532 (91%) 305 (91%) 107 (89%) >100
(96%)
Excluded 2,711 225 255 128 811 863 429
Peri-Operative
QPI 4 >95 2,607 (92%) 538 (94%) 1,412 (92%) 377 (91%) 168 (92%) 87 (93%) 25 (86%) >100
Excluded 12,658 2,921 3,924 767 3,423 1,103 520
QPI 5 >90 7,103 (89%) 1,540 (89%) 3,550 (89%) 717 (88%) 440 (89%) 574 (91%) 282 (90%) >100
Excluded 7,499 1,754 1,456 369 3,114 569 237
QPI 6 >90 145 (69%) 6 (75%) 105 (67%) 25 (74%) 3 (75%) 6 (100%) 0 >100
Excluded 15,268 3,483 5,295 1,148 3,602 1,191 549
QPI 7i >95 1,346 (95%) 308 (94%) 824 (95%) 214 (96%) 0 0 0 >100
Excluded 14,061 3,162 4,587 960 3,606 1,197 549
QP! 7ii > 85 897 (87%) 169 (91%) 539 (87%) 121 (83%) 42 (89%) 23 (79%) 3 (100%) >100
Excluded 14,450 3,306 4,835 1,036 3,559 1,168 546
QPI 8 <10 129 (3.7%) 8 (1.2%) 48 (2.7%) 49 (15%) 7 (3.0%) 6 (1.7%) 11 (7.4%) >100
Excluded 11,955 2,832 3,648 848 3,375 852 400
QPI 9i <5 168 (3.5%) 14 (1.3%) 34 (1.6%) 51 (13%) 11 (2.5%) 22 (4.0%) 36 (18%) >100
Excluded 10,695 2,435 3,308 789 3,167 649 347
QPI 9ii <10 167 (4.9%) 16 (2.1%) 77 (3.8%) 60 (17%) 5 (4.5%) 0 (0%) 9 (17%) >100
Excluded 12,049 2,718 3,441 833 3,496 1,065 496
Post-Operative
QP! 10i <3 133 (1.5%) 17 (0.8%) 33 (0.7%) 67 (6.7%) 6 (1.8%) 3 (1.3%) 7 (9.1%) >100
Elective
Excluded 6,648 1,328 423 179 3,272 974 472
Emergency <4 146 (7.6%) 8 (10%) 4 (2.1%) 16 (16%) 27 (6.5%) 23 (3.0%) 68 (17%) >100
Excluded 13,549 3,414 5,260 1,085 3,191 440 159
QP! 10ii <15 207 (2.3%) 29 (1.3%) 61 (1.2%) 86 (8.6%) 9 (2.7%) 10 (4.5%) 12 (16%) >100
Elective
Excluded 6,648 1,328 423 179 3,272 974 472
Emergency <20 223 (12%) 10 (13%) 8 (4.2%) 19 (20%) 41 (9.9%) 53 (7.0%) 92 (24%) >100
Excluded 13,549 3,414 5,260 1,085 3,191 440 159
QPI 12i <1 22 (0.5%) 8 (0.8%) 8 (0.4%) 0 (0%) 1(0.3%) 4(1.1%) 1(1.1%) <0.01
30d
Excluded 11,274 2,527 3,382 833 3,228 848 456
90d <1 55 (1.3%) 18 (1.9%) 16 (0.8%) 5 (1.4%) 6 (1.6%) 7 (2.0%) 3 (3.2%) <0.01
Excluded 11,274 2,527 3,382 833 3,228 848 456
QPI 12ii <10 123 (8.9%) 26 (7.5%) 8 (3.7%) 1(2.2%) 78 (13%) 7 (4.9%) 3 (8.6%) >100
30d
Excluded 14,101 3,143 5,236 1,136 3,017 1,055 514
QPI 11 >70 1,339 (80%) 343 (91%) 692 (84%) 87 (58%) 80 (69%) 107 (73%) 30 (41%) >100
1]
Excluded 13,793 3,114 4,631 1,033 3,490 1,050 475
High-Risk Il >50 426 (61%) 107 (73%) 199 (65%) 27 (40%) 21 (45%) 62 (70%) 10 (26%) >100
Excluded 14,782 3,345 5,145 1,114 3,559 1,108 511

Subcohort achieved QPI target

| Subcohort did not achieve QPI target

Bayes Factor (BF): Evidence for group differences. Categorical variables analysed using contin-
gency table Bayes Factor. BF > 10 considered strong evidence of difference between groups.
BF < 0.1 considered strong evidence of no difference between groups




5.3. Results 163
Reviewing each QPI individually in Table 5.5, there were six QPIs where the overall

population did not meet the target set:

QPI 2: Patients undergoing elective resection should have whole colon visualised

pre-operatively (Target > 95%, Achieved by 91% of the overall cohort)

e QPI 4: Patients who require a stoma should be assessed and have their site
marked preoperatively by a stoma nurse (Target > 95%, Achieved by 92% of the
overall cohort)

» QPI 5: For patients undergoing resection, the number of lymph nodes examined
should be maximised (Target > 90%, Achieved by 89% of the overall cohort)

» QPI 6: Patients with locally advanced rectal cancer should receive neo-adjuvant
therapy, with aim of a margin-negative resection (Target > 90%, Achieved by 69%
of the overall cohort)

« QPI 10i: Emergency 30 day mortality after emergency surgical resection (Target
< 4%, Experienced by 7.6%)

« QPI 12i: 90 day mortality after chemotherapy or radiotherapy, given with cura-

tive intent (Target < 1%, Experienced by 1.3%)

When comparing the six subcohorts, the proportion of patients achieving the standard
of care differed for almost all QPIs. Only two of the 21 targets assessed did not show
evidence of difference: QPI 12i at 30 days, and 90 days. These targets were the QPI
assessing mortality of patients at 30 and 90 days following curative chemotherapy or
radiotherapy. In the case of 90 day mortality, there was evidence of no difference as

the majority (five of the six) failed to meet the national target.

Pre-operative management QPIs included radiological staging (QPI 1i and 1ii), pre-
operative imaging (QPI 2) and pre-treatment multi-disciplinary meeting (QPI 3). The
overall population met three (75%) of these four QPI targets with variation demon-

strated by sub-cohorts. No sub-cohort met the target for adequate pre-operative
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imaging (QPI 2), although elective patients were closer to the 95% target than emer-
gency patients (Ward level 94% vs. 86%; Monitoring 91% vs. 79%; Organ support 91% vs.
67%). Emergency patients managed in critical care with either monitoring or organ

support failed to meet any of the pre-operative QPI targets.

Peri-operative QPIs included anticipatory stoma care (QPI 4), adequate lymph node
yield (QPI 5), neo-adjuvant therapy in appropriate patients (QPI 6), adequate surgical
margins (QPI 7i and 7ii), re-operation rates (QPI 8) and anastomotic dehiscence rates
(QPI1 9i and 9ii). None of the cohorts met the target threshold for QPIs 4 or 5. Elective
patients that received organ support had the poorest performance with only one of

the eight peri-operative QPI targets met.

Post-operative QPIs included post-operative mortality rates at 30 and 90 days (QPI 10i
Elective, QPI10i Emergency, QPI 10ii Elective and QPI 10ii Emergency), use of adjuvant
chemotherapy in appropriate patients (QPI 11- Stage Ill and QPI 11- High-Risk Stage
II), and mortality rates at 30 and 90 days post chemo- or radio-therapy (QPI 12i_30,
QPI 12i_90 and QPI 12ii_30). Post-operative QPI attainment was notably lower in the
organ support cohorts when compared to the critical care monitoring groups (Elective

33.3% vs. 76.2%; Emergency 22.2% vs. 88.9%).

Meeting 21% of the total QPI targets, the Emergency - Organ Support subcohort failed
to meet national targets for: pre-operative staging and imaging, multidisciplinary
decision-making, stoma care, intraoperative lymph node yield, anastomotic dehis-
cence, mortality post-operatively, receipt of adjuvant chemotherapy, or mortality

following chemotherapy and radiotherapy with curative intent.
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Increased mortality (QPI 10) was also evident in the Organ Support subcohort. 90-day
mortality following elective surgical resection was 1.2% among Elective - Monitoring.
Elective - Organ Support had a 90-day mortality 7 times greater, at 8.6%. 90 day mor-
tality following emergency surgical resection was 7% among Emergency - Monitoring.

Emergency - Organ Support had a 90-day mortality of 24%.

5.3.3 QPI 11 - Adjuvant Chemotherapy

Access to timely adjuvant chemotherapy (QPI 11), was defined by Scottish QPI pro-
gramme v3.4 as receipt of adjuvant chemotherapy within 12 weeks of surgical resec-
tion, and has different targets for patient percentages depending on anatomic stage.
This difference reflects that the evidence for benefit of adjuvant SACT is more clear
for patients with Stage Ill disease (and for patients with more advanced stage Il dis-
ease) than it is for patients with High Risk Stage Il disease (Argilés et al. 2020; Sobrero
et al. 2020). As such QPI v3.4 had a target of 70% attainment for patients with Stage Il|
disease, and 50% for patients with High Risk Stage Il disease. 1,684 patients (11% of to-
tal cohort) were eligible for assessment against QPI 11 - Stage Ill disease. The overall

population of eligible patients met the target, with 80% (n = 1,339) attainment.

There were differences in attaining QPI 11 for Stage lll disease between the six subco-
horts (BF >100). Three of the six individual subcohorts met the target: Elective - Ward
Level (91%, n = 343), Elective - Monitoring (84%, n = 692), and Emergency - Monitoring
(73%, n = 107). The remaining three all failed to meet the target: Emergency - Ward
Level (69%, n = 80), Elective - Organ Support (58%, n = 87), and Emergency - Organ
Support (41%, n = 41).
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High-Risk Stage Il disease had a QPI target of 50% attainment. 695 patients (4.5%
of total population) were eligible for assessment against QPI 11 - High-Risk Stage Il
disease. The overall population of eligible patients met this target, with 61% (n =
426) attainment. Proportion of patients attaining QPI 11 for High-Risk Stage Il disease
differed between the six subcohorts (BF >100). As before, the same three subcohorts
met this target: Elective - Ward Level (73%, n = 107), Elective - Monitoring (65%, n =
199), and Emergency - Monitoring (70%, n = 62). The remaining three failed to meet
the target: Emergency - Ward Level (45%, n = 21), Elective - Organ Support (40%, n =
27), and Emergency - Organ Support (26%, n = 10).

When combining patients with High-Risk Stage Il and Stage Il disease into a single
‘QPI 11’ (the actual QPI 11 separates by stage, this composite value has been included
for ease of comparison): timely adjuvant chemotherapy was administered to 1765 of
2,379 eligible patients (74.2%). Among Elective - Organ Support only 114 out of 217
eligible patients received timely adjuvant chemotherapy (52%), and for Emergency -
Organ Support this dropped further to 40 out of 112 (36%). 47% (n = 154) of all eligible
Organ Support patients attained this composite QPI 11, compared to the 74% (n =
1765) of the total patient population.

Organ Support patients consistently demonstrated the lowest QPI 11 attainment rates
across all subcohorts. For Stage lll disease, Elective - Organ Support patients had a
26 percentage point lower attainment rate (58%) than Elective - Monitoring patients
(84%), while Emergency-Organ Support patients had a 32 percentage point lower rate

(41%) than Emergency-Monitoring patients (73%).
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5.3.3.1 Multivariable Analysis

In subsequent models, due to small patient numbers, QPI 11 Stage Ill and High-Risk
Stage Il have been combined into a single QPI 11 variable. A “stage of disease” vari-
able clarifying whether a patient had High-Risk Stage Il or Stage Ill disease has been

included in models

Figure 5.2 provides results of the single variable models that were used, ran to deter-
mine variable inclusion into multivariable analysis. Posterior probability distributions,
estimating each variable’s impact on the Odds Ratio of achieving QPI 11 were gen-
erated. Table 5.6 summarises these probability distributions, providing estimates of
distribution in central tendency (median), 95% credible intervals, and the probability

of direction.

Variables from Table 5.6 that reached the PD threshold of 95% were included in the
multivariable model. For the avoidance of collinear variables, and model brevity:
age at diagnosis (years) was included rather than the factor variable age grouped
by decade. Comorbidity count was included in multivariable analysis rather than the

single variables for each individual comorbidity.

Initial single variable analysis reported that the presence of two or more comorbidities
was the variable most associated with decreased odds of achieving QPI 11 (Median
0.25,95% Cr10.17-0.36). Receipt of organ support (the proxy measure for experiencing
critical illness) was the variable with the second greatest negative association with
odds of achieving QPI 11 in single variable analysis (Median 0.29, 95% Crl 0.23-0.37).
The single variable associated with the greatest increase in odds of achieving QPI 11
was the presence of Stage Il disease (contrasted against High-Risk Stage IlI) (Median

2.3, 95% Crl 1.91-2.77).
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Figure 5.2: Posterior probability distributions of the odds ratio for achieving QPI 11 (timely adjuvant chemotherapy), from univariable logistic
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Table 5.6: Summary of posterior probability distributions of the odds ratio for achieving QPI
11 (timely adjuvant chemotherapy), from univariable logistic regression models fitted to each

variable.
Variable Median 95% Crl PD (%) Threshold
Reached

Age at diagnosis per increase in age by one year 0.93 (0.92 - 0.95) 100.00 TRUE
Age 60-69 vs age <60 0.67 (0.54 - 0.83) 99.98 TRUE
Age 70-79 vs age <60 0.41 (0.32 - 0.52) 100.00 TRUE
Diagnosis-to-admission per increase in interval by 1.00 (1-1) 86.73  FALSE
one day

Cardiac vs no cardiac comorbidity 0.31 (0.22 - 0.44) 100.00 TRUE
Dementia vs no dementia 0.80 (0.42 - 1.55) 74.68  FALSE
Diabetes vs no diabetes 0.46 (0.36 - 0.59) 100.00 TRUE
Renal vs no renal comorbidity 0.45 (0.29 - 0.7) 99.98 TRUE
Respiratory vs no respiratory comorbidity 0.44 (0.34-0.58) 100.00 TRUE
One additional Charlson comorbidity count vs zero  0.47 (0.38 - 0.58) 100.00 TRUE
Two+ additional Charlson comorbidity count vs zero  0.25 (0.17 - 0.36) 100.00 TRUE
Organ Support vs Monitoring 0.29 (0.23 - 0.37) 100.00 TRUE
Ward Level vs Monitoring 1.20 (0.97 - 1.49) 94.97 FALSE
Dx in 2015-2016 vs 2013-2014 1.11 (0.9-1.35) 83.98 FALSE
Dx in 2017-2018 vs 2013-2014 1.10 (0.87-1.38) 78.59  FALSE

Duration of hospital stay per increase in duration 0.92 (0.91 -0.93) 100.00 TRUE
by one day

Diagnosis clinical presentation vs screening 0.50 (0.41 - 0.61) 100.00 TRUE
Diagnosis incidental finding vs screening 0.47 (0.29 - 0.78) 99.86 TRUE
Diagnosis other/not known vs screening 1.19 (0.62 - 2.28) 70.04 FALSE
Emergency Admission vs Elective 0.47 (0.38 - 0.57) 100.00 TRUE
Female vs Male 1.32 (1.1 - 1.58) 99.84 TRUE
SIMD Quintile 2 vs 1 1.11 (0.86 - 1.44) 79.97 FALSE
SIMD Quintile 3 vs 1 1.39 (1.08 - 1.78) 99.51  TRUE
SIMD Quintile 4 vs 1 1.39 (1.07 - 1.8)  99.39 TRUE
SIMD Quintile 5 vs 1 2.02 (1.55-2.66) 100.00 TRUE
Stage lIl vs High Risk I 2.30 (1.91-2.77) 100.00 TRUE

Crl - Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%

Outputs from the multivariable model are described in the following section. Figure
5.3 and Table 5.7 provide the results of the multivariable regression analysis using
uninformative priors. In the appendix, Table B.1 provides the results of the other
variables included in the model. As a point of clarification when interpreting results,
nature of admission (elective vs emergency), and level of support were treated as in-
teracting variables in the model. This allowed the impact of level of support to differ

depending on the nature of hospital admission. Initial model summaries in R provide
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both a “main effect” and an “interaction term”, that can be less intuitive to under-
stand. To aid interpretation these have been converted to provide estimates for the
combinations of the variable levels (“conditional effects”), as well as the main effect
of nature of admission. This provides an overall estimate of the impact of the nature
of admission (the “main effect”), as well as showing estimates for: Elective - Organ
Support, Elective - Ward Level, Emergency - Organ Support, and Emergency - Ward
Level (the “conditional effects”). For Elective subcohorts the comparator is Elective

- Monitoring. For Emergency subcohorts the comparator is Emergency - Monitoring.
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A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 5.3: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for achieving QPI 11 (timely adjuvant chemotherapy), from multivariable logistic regression
model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators
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Table 5.7: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for achieving QPI 11 (timely adjuvant chemotherapy), from multivariable
logistic regression model using uninformative priors, for the key variables of interest, with
comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage Of

(%) (%) Largest Effect
Elective: 0.56 (0.42 - 0.75) 100.0C 0.02 0.00 99.98 99.98% chance
Organ Support meaningful reduction
vs Elective: Monitoring
Elective: 1.21 (0.93-1.59) 92.39 8.67 87.17 4.16 87.17% chance
Ward Level meaningful increase
vs Elective: Monitoring
Emergency: 0.42 (0.27 - 0.66) 100.0C 0.00 0.00 99.99 99.99% chance
Organ Support meaningful reduction
vs Emergency: Monitoring
Emergency: 0.63 (0.43-0.93) 98.90 1.18 0.61 98.20 98.2% chance
Ward Level meaningful reduction

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease

5.3.3.2 Level of Support

Receipt of organ support in critical care was associated with a meaningful reduction in
the likelihood of patients experiencing timely adjuvant chemotherapy, as measured
by QPI 11. This association remains after adjustment for other observed relevant
factors. For patients admitted electively, those who received organ support (com-
pared against those monitored in critical care), had a 44% reduction in odds of timely
adjuvant chemotherapy (OR 0.56, 95% Credible Interval 0.42-0.75, 99.9% posterior
probability). For patients admitted emergently, those who received organ support
(compared to those monitored in critical care), had a 58% reduction in odds of timely

adjuvant chemotherapy (0.42 0.27-0.66, 99.9%).
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Among patients treated at a ward level, impact on the odds of attaining QPI 11 was
dependent on the nature of hospital admission. Patients treated at a ward level elec-
tively, when compared to those monitored in critical care, may have an estimated
21% increased odds of attaining QPI 11, (OR 1.21, 0.9-1.6, 87% posterior probabil-
ity). Patients treated in the ward emergently, when compared to those monitored in

critical care, had a 39% reduction in odds of attaining QPI 11 (0.63, 0.43-0.93, 98%).

5.3.3.3 Model validity and sensitivity

In addition to reporting results for uninformative priors, sensitivity analysis was un-
dertaken using the sceptical, optimistic and pessimistic priors previously described.
Regardless of the choice of priors, posterior estimates for the effect size of organ

support still exceeded 97.5% probability of a clinically meaningful difference.

This (arbitrary) threshold for probability of clinically meaningful difference (used to
ease comparison between differing priors) was reached in the Emergency - Ward sub-
cohort when using uninformative priors, but was not reached using the other priors.
The probability of clinically meaningful difference was least robust in the Emergency -
Ward subcohort. Use of all other priors resulted in a greater probability of no clinically
meaningful difference. As such the results with the greatest degree of confidence as-
sociated with them, are those seen for the relationship between organ support and

attainment of QPI 11.

Figure 5.4 demonstrates how estimates of the posterior probability distribution differs
for each variable, depending on the priors used (uninformative, sceptical, optimistic,
pessimistic). As described above, the likelihood of reaching MCID for the majority of
variables is unaffected by choice of model priors. Table 5.8 provides numeric summary

for how changing the prior influences the median estimate for Odds Ratio of Attaining
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QPI 11, for each of the subcohorts. For Emergency - Organ Support, use of optimistic
priors (which assumed receipt of Organ Support would increase likelihood of attaining
QPI 11), reduced the estimated impact on Odds Ratio of attaining QPI 11 from: 0.56
to 0.66. For Elective - Organ Support, optimistic priors would reduce the impact of

Organ Support on QPI 11 from OR 0.42, to 0.59.

A B C D

y Y Y .

0.25 0.50 0.75 1.00 1.0 1.5 2.0 0.5 1.0 0.5 1.0 1.5

Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 5.4: Sensitivity Analysis - Comparisons of posterior probability distribution of the odds
ratio for achieving QPI 11 (timely adjuvant chemotherapy), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators

Table 5.8: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for achieving QPI 11 (timely adjuvant chemotherapy), from multivariable
logistic regression models using different prior probability distributions
Facet key provided for variable names and comparators

Variable Uninf! Skep'
Elective: Organ Support 0.56 0.63 -0.07 0.66 -0.1 0.6 -0.04
Elective: Ward 1.21 1.14  0.07 1.19 0.02 1.1 0.1

vs Elective: Monitoring

Emergency: Organ Support 0.42 0.52 -0.1 0.59 -0.17 0.46 -0.04
Emergency: Ward 0.63 0.8 -0.17 0.88 -0.25 0.73 -0.1
vs Emergency: Monitoring

I'Median Estimate of Odds Ratio From Model
2 Median Estimate of Difference Between Uninformative Priors and Model
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Reviewing measures of model validity, the multivariable model chains showed good
convergence, with R of 1 for each variable. Effective sample size (Bulk ESS), and Tail
effective sample size (Tail ESS) were more than adequate for all variables, with the
smallest value remaining greater than 30,000. The summary table for model validity
is provided in Appendix Table B.2 Posterior predictive check showed good predictive
ability of the model when comparing actual values (y), to predicted values (y,.,) (Ap-
pendix figure B.3). This good fit suggests the model accurately captures relationships

in the data, strengthening confidence in the conclusions.
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5.4 Discussion

This work is the first to use Colorectal Cancer QPIs to assess quality of cancer care
between patient groups, rather than to compare Scottish health boards or national
attainment. Rates of QPI attainment differ substantially between the six subcohorts
categorised in this thesis. Those who received Organ Support in hospital attained
meaningfully fewer QPI targets than those who were treated at the level of Monitoring
in Critical Care. Similarly, those who are admitted as an emergency and receive Organ

Support achieve fewer targets still.

When assessing the association between the nature of hospital admission and support
during admission on cancer care quality: receipt of organ support, is associated with
a meaningful decrease in the odds of timely receipt of adjuvant chemotherapy, as
measured by CRC QPI 11. Among patients that received organ support there was a
reduction in the odds of receiving timely adjuvant chemotherapy of 44% in those
admitted electively and 58% in those admitted emergently, when compared to those
who received monitoring in critical care. Both of these estimates can be provided
along with a >99.9% probability of a clinically meaningful reduction in odds (>3%) of

attaining QPI 11.

Compared against patients who received monitoring in critical care, elective ward pa-
tients had an estimated 21% increase in odds of receipt of timely adjuvant chemother-
apy. The probability of this being a clinically meaningful increase (greater than 3%)
was 87%, making this likely, but allowing for approximately a 1 in 7 chance that this
observed increase is not present. Emergency ward patients have an estimated 37% re-
duction in odds of receipt of timely adjuvant chemotherapy, when compared against
emergency patients who received monitoring in critical care. The probability of this

being a clinically meaningful decrease in odds is 98%.
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No previous work published investigates the impact of critical illness on attainment
of CRC care quality, as measured by QPIs. Among this cohort of critical illness sur-
vivors, the observed rate of receiving timely adjuvant chemotherapy was 47%. This
rate appears consistent with other published rates of post-critical care anticancer
treatment. Auclin et al. 2017 in their retrospective analysis of 2,327 patients over
the age of 65 with solid organ cancers in France; found 52% of all ICU survivors subse-
quently received anticancer treatment of any form (Auclin et al. 2017). Their cohort
did differ to this one, with only 30% of their patients having gastrointestinal cancers,
63% having metastatic disease, and 60% of patients having received chemotherapy
prior to critical illness. Their paper did identify rates of anticancer therapy post crit-
ical illness higher than other published literature, although their comparisons are
to studies of patients with lung cancer specifically. Gheerbrant et al. 2021 in their
analysis of adult patients with solid organ cancer and critical illness, found 55% of
patients who survived emergency admission to ICU received anticancer treatment at
3 months following hospitalisation. Again their cohort does differ substantially from
the cohort used in this analysis. 31% of Gheerbrant’s cohort had “digestive” cancers,
and 45% had metastatic disease. (Gheerbrant et al. 2021). The lower rate of adju-
vant chemotherapy amongst this cohort may be explained by differences observed in

cancer site, and cancer stage.

5.4.1 Mechanisms

Several mechanisms could contribute to the reduced level of timely adjuvant chemother-
apy observed among patients who experience critical illness. To reiterate, this de-
creased receipt of timely adjuvant chemotherapy is not related to in-hospital mor-
tality, as patients who died during hospital stay or the first 30 days following discharge
are excluded from the analysis. It should not be related to increased rates of patients
declining chemotherapy, as such patients are excluded from QPI 11 (however this

may not always be accurately recorded).
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An increased length of stay following surgical resection could decrease the likelihood
of patients receiving adjuvant chemotherapy within 12 weeks following surgery, al-
though hospital length of stay has been adjusted in the models. Patients who expe-
rience critical illness are more likely to experience a constellation of physical, cog-
nitive, and psychological impairments known as Post Intensive Care Syndrome (PICS)
(Ng et al. 2025; Docherty et al. 2023). With an increased rate of PICS, treating clin-
icians may feel adjuvant chemotherapy is of increased risk of harm, thus modifying
the perceived risk:benefit ratio. Equally, a patient experiencing PICS may be less
likely to engage with adjuvant chemotherapy, without declining treatment as such.
Last, physical symptoms or ongoing organ dysfunction following critical illness might

preclude systemic anti-cancer therapy.

5.4.2 Limitations

This study has several limitations. First as an observational study designed for associa-
tion it cannot establish causality between organ support and reduced QPI attainment.
Secondly it relies on national registry data, putting limitations on the data collected,
and on data validity. Whilst | adjusted for measured confounders, several important
variables are unmeasured including: clinical decision-making on appropriateness of
treatments, clinical frailty, and physical disability. Whilst the dataset included all
patients diagnosed with CRC in Scotland over a five year period, when looking at QPI
11 in particular, the sample size was still relatively small, with slightly under 100

patients in the smallest subcohort.

When reviewing QPI definitions (Table 5.1), there are multiple QPIs that may appear
incompatible with certain subcohorts. As an example: QPI 2 assesses the population
of patients undergoing elective resection, which seems to preclude emergency ad-
mission to hospital however my analysis finds several hundred patients with emer-

gency admissions being assessed for QPI 2. As a partial explanation, subcohorts were
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defined by the nature of their first hospital admission following diagnosis, not the
nature of their surgery. A patient could have an initial emergency admission to hos-
pital, followed by a later elective surgical resection. An alternative explanation may
be that this reflects a weakness of national registry information. Nature of hospital
admission is recorded in SMRO1, where QPI attainment was recorded locally by each
treating team. As such there could be errors in coding either nature of hospital ad-
mission or eligibility for QPI 2. Considering that greater than 80% of the emergency
subcohort patients are excluded from QPI 2 assessment, this suggests that the major-
ity of ineligible patients are correctly excluded. Similarly reassuringly the majority
of patients recorded as having Elective admissions are also excluded from Emergency

surgery assessment.

With the investigation into timely adjuvant chemotherapy in QPI 11, | used the def-
inition as it existed at the point of patient care, where care was considered timely
if received within 12 weeks of surgery. This definition has its weaknesses, in that
patients receiving SACT at 11 weeks and 6 days are considered ‘timely’, whereas
those at 12 weeks are considered ‘delayed’. Additionally even if such a categorisa-
tion were appropriate, it is now outdated as QPI v5 considers receipt within 8 weeks
being timely treatment. Other changes in QPI versioning need noting. At the time of
patient care, QPI 11 restricted its assessment to patients aged 50-74. This has two
issues: it excludes the significant proportion of patients aged greater than 75 who
do receive adjuvant SACT, and it excludes the growing number of younger patients
being treated for CRC. QPI v5 addresses one of these issues, as now it assesses adult
patients from 18 to 75. In the following chapter, Chapter 6 | attempt to account for
these limitations, providing detail on cumulative incidence of Adjuvant SACT (demon-
strating when patients receive SACT, rather than solely using a simple cut off), and
also use the 8 week limit now in place. | also investigate all adult patients, rather

than a subset of ages.
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As a wider question about the appropriateness of QPIs as a metric of ‘quality care’,
in the first half of this chapter | consider QPIs as something akin to a ‘care bundle’,
where to achieve a QPI is to meet a measure of cancer care quality, something that
should be considered to improve cancer care outcomes. However, there is a gap in the
literature here, with no published evidence that attaining CRC QPIs improves patient
outcomes. Individual measures such as QPI 11 may be informed by current evidence,
however as a package, long term outcomes have not been assessed. This limitation
has been recognised by other work. Mariappan et al. 2024 has published evidence that
attainment of QPIs for Bladder Cancer is associated with reduced disease recurrence
and progression. In Chapter 7, | investigate the association between receipt of Organ

Support and a clearly patient centred outcome, long term overall survival.

5.5 Conclusion

Patients who survive critical illness receive poorer quality colorectal cancer care,
when using the benchmark of the Scottish Colorectal Cancer QPIs. Patients admit-
ted as an emergency who receive organ support receive care that is even poorer,
failing to meet targets on: pre-operative staging and imaging, MDT decision-making,
stoma care, intraoperative care and postoperative complications, timely adjuvant

chemotherapy, and postoperative mortality.

When investigating receipt of timely adjuvant chemotherapy, even when taking into
account the significant differences in: Age, Stage, Comorbidities, Hospital Length of
Stay, Method of Diagnosis, Sex, and Deprivation; patients who receive organ support
in hospital are less likely to receive timely adjuvant chemotherapy than those that

do not.
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These findings have important implications for policy and clinical practice. As na-
tional cancer care systems continue to expand the use of quality metrics to drive
improvement, it is critical that such frameworks account for the needs of complex
patients. Inclusion of recovery trajectories and post-ICU follow-up in cancer pathways
may help mitigate treatment delays. It may be useful to consider the small propor-
tion of patients that experience critical illness following CRC resection as a particular
cohort at high-risk of missing out on originally planned treatment. In doing so, spe-
cific follow-up pathways with oncology and critical care may be required for patients
who have experienced critical illness, to increase access to appropriate cancer treat-
ments. Future research would be required to investigate both methods to improve
access to timely chemotherapy post critical illness, and the appropriateness of doing
so. One important variable that this work was not able to investigate, is the impact
on functional status following critical illness after cancer surgery, and how physical

function or disability impacts access to subsequent cancer care.

In the following chapter | will investigate the relationship between organ support and
adjuvant chemotherapy further; exploring whether patients are less likely to receive

any adjuvant chemotherapy, or do receive chemotherapy but with a significant delay.



Chapter 6

Systemic Anti-Cancer Therapy

6.1 Introduction

To understand if (or how) critical illness impacts the subsequent cancer journey of pa-
tients with colorectal cancer, multiple aspects of systemic anti-cancer therapy (SACT)
require investigation. Provision of SACT for CRC is not a single therapy, each indica-
tion for SACT differs in terms of: disease stage, eligible patient population, treatment
provided, and the goals of treatment. To allow for an interpretable comparison be-
tween our subcohorts, and to provide consistency with previous chapters, | chose to
focus on one particular indication: adjuvant SACT following surgical resection with
curative intent of colorectal cancer, for patients with High-Risk Stage Il or Stage IlI

disease.

Investigating the association between receipt of organ support and metrics of ad-
juvant SACT, in this chapter | analyse two subsets of the total patient population.
First all adult patients eligible for adjuvant SACT for the above indication, and sub-

sequently the analysis is restricted to those that received adjuvant SACT.

181
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In Chapter 5 a similar population of patients were investigated when assessing QPI 11.
However, QPI 11 in v3.4 restricted its investigation to patients between the age of
50 and 74 years. In this chapter | investigate all adult patients (18 and older) eligible
for adjuvant SACT, without an upper age limit. This choice recognises the sizeable
proportion of patients aged over 74 who receive adjuvant SACT (detailed later in this
chapter), and includes the growing proportion of younger patients (under 50) being
diagnosed and treated for CRC. The six subcohorts investigated remain the same as

previous chapters, with the patient population stratified by:

« Nature of Hospital Admission: Elective vs Emergency
» Level of Support in Hospital: Ward / Monitoring in Critical Care / Organ Support

in Critical Care

| investigated five metrics of SACT, exploring differences in: access to SACT, quality

of treatment, and intensity of treatment.

Receipt of Adjuvant Chemotherapy (SACT A)

Delay to Commencement of Adjuvant Chemotherapy (SACT B)

Regime Choice in Adjuvant Chemotherapy (SACT C)

Dose Delay Between Cycles of Adjuvant Chemotherapy (SACT D)

Duration of course in weeks of Adjuvant Chemotherapy (SACT E)

6.1.1 Benefits and Receipt of Adjuvant SACT

The European Society for Medical Oncology (ESMO) publishes clear clinical practice
guidelines for the treatment of localised colon cancer. Within this, they describe fac-
tors that influence the choice of adjuvant therapy following surgical resection as: risk
of recurrence, risk of toxicity, and expected benefits from adjuvant chemotherapy
(Argilés et al. 2020). For risk of recurrence, they report five year survival after surgi-

cal resection alone as: 68-83% for stage Il (lower for High-Risk stage Il) and 45-65% for
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stage lll disease. With regards to expected benefits, they report adjuvant SACT pro-
vides: patients with High-Risk Stage Il disease a 3-4% absolute reduction in mortality
following single agent therapy, patients with Stage Il disease a 10-15% absolute re-
duction in mortality following single agent therapy, patients with Stage lll disease an
additional 4-5% reduction in mortality with addition of a second agent (Argilés et al.

2020).

This thesis arose from the assumption that patient specific differences would likely
impact on a patients’ likelihood of long-term survival. Sobrero et al. 2020 started
from the same assumption; in particular that differences in TNM within anatomic
stage (Stage Ill) would likely impact any additional gain in survival from addition of
adjuvant SACT. In their modelling they generated predictions in estimated disease-
free-survival gains for patients, dependent on the form of adjuvant SACT received,
with ‘surgery alone’ as the comparator. Considering the addition of fluoropyrimidines
as the least burdensome treatment, then 3 months of oxaliplatin, then a further final 3
months of oxaliplatin, they provide estimates for the cumulative gains in DFS for each
form of therapy. In doing so they predict for patients with T1N1a: surgery alone would
provide 79.6% 3 year DFS, with a gain of 8.7% 3 year DFS from 6 months of dual agent
SACT. This would be a relative gain of 1.1x probability of 3 year DFS. For patients with
the highest substage of Stage Ill disease (T4N2b), they predict surgery alone would
provide 13.9% 3 year DFS, with a gain of 20.1% from 6 months of dual agent SACT. This
would be a relative gain of 2.4x in probability of 3 year DFS. In providing their results in
a such a fashion, an individual patient can use their own values and beliefs about risks
and benefit, to determine the treatment course most appropriate for them. Sobrero
et al. 2020 imagine dialogue between doctor and patient where the patient can reflect
on whether any given percentage gain is ‘worth’ the associated burdens of toxicity,

or provides sufficient chance of time alive and disease free. Their work demonstrates
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that the ESMO description of 10-15% from one agent, plus 4-5% for an additional agent,
only accurately describes the average patient (who in reality does not exist), and that
whilst averages provide a useful starting point for any conversation, a more precise

patient orientated value would be of more use (Sobrero et al. 2020).

Despite the reported benefit in absolute mortality, not all patients eligible for adju-
vant SACT receive it. Boakye et al. 2021 found in their systematic review and meta-
analysis of 33 trials of adjuvant SACT for Stage Il disease, that 61% of eligible patients
received SACT (Boakye et al. 2021). In the previous chapter, we saw that Scottish QPI
targets aim for 70% of eligible patients with Stage Il disease, and 50% of patients
with High-Risk Stage Il disease should receive adjuvant SACT (National Cancer Qual-

ity Steering Group 2020).

6.1.2 Regime of SACT

As noted above, patients with High-Risk Stage Il disease and Stage Ill disease are
currently considered eligible for adjuvant SACT. For patients with Stage lll disease
the standard treatment offered is fluoropyrimidines in combination with oxaliplatin
(Argilés et al. 2020). These combination regimes (CAPOX, FOLFOX) will be referred

to as dual agent therapy within this chapter.

For patients with High-Risk stage Il disease, the evidence base (and subsequently
the recommendations) are less certain. Whilst ESMO recommend dual agent therapy,
citing the results of the IDEA trial (Iveson et al. 2019; Argilés et al. 2020), the Amer-
ican Society of Clinical Oncology (ASCO) are less definite, stating in 2021 that dual
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agent therapy is: “not routinely recommended, but may be offered as a result of
shared decision-making” (Baxter et al. 2022). The receipt of fluoropyrimidines (5FU,
Capecitabine) in isolation will be referred to as single agent therapy within this chap-

ter.

6.1.3 Factors Influencing Receipt

Certain patient groups may be expected to have decreased benefits from adjuvant
SACT, or increased risks of toxicity. As such they may be considered to have rela-
tive contraindications to adjuvant therapy. ESMO state that the following should be
considered as relative contraindications to adjuvant SACT: poor performance status

(ECOG > 2), and severe comorbidity (hepatic, renal, heart) (Argilés et al. 2020).

ESMO also note that age influences both the benefit and burdens of treatment. Pa-
tients over 70 who receive dual agent therapy appear to receive less benefit than
younger patients, as well as greater toxicity (Argilés et al. 2020; McCleary et al.
2013). In meta-analysis of 18 trials of adjuvant SACT, McCleary et al. 2013 found that
patients aged 70 and above did not experience any survival benefit from dual agent
therapy and recommended that older patients should be offered single agent therapy
(McCleary et al. 2013). ESMO do not recommend single agent as standard therapy for
older patients, rather stating that the benefits of treatment seem to be “more lim-
ited” for older patients, with an increased likelihood of toxicity (Argilés et al. 2020).
In a non-CRC population, Prasanna et al. 2018 note that elderly patients are often

offered reductions in SACT dose intensity.
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Similar to the reduction seen in SACT intensity for patients with increasing age,
Boakye et al. 2021 identified that increasing comorbidity was inversely associated
with receipt of any adjuvant SACT for CRC. Their meta-analysis of patients with stage
lIl disease found that presence of any comorbidity reduced the odds of SACT receipt
by 21% (OR 0.79, 0.72-087) and that multiple comorbidities reduced the odds of SACT
receipt by greater than 50% (OR 0.49, 0.42-0.56). This relationship between comor-
bidity and decreased SACT found the following disease states to influence SACT: di-
abetes, heart failure, stroke, COPD, and dementia, but not myocardial infarction or
renal disease. Additionally their meta-analysis found the classification of diseases as
used by the Charlson Comorbidity Index (the classification structure used in this the-
sis), was more successful in identifying the diseases associated with decreased SACT,
than other measures such as ACE-27 were. (Piccirillo and Feinstein 1996; Boakye et al.

2021).

As discussed in previous chapters, patient frailty is not routinely recorded by many
clinical systems, however identifying patients as frail may allow treating clinicians
to make more patient-centred decisions (in recognising the increased risk for frail
patients from of certain treatments). Meyers et al. 2017 in their study of treatment
decisions for elderly patients with colorectal cancer, blinded clinicians to a validated
measure of frailty (Edmonton Frail Scale), whilst allowing access to performance sta-
tus, age, and comorbidity. Whilst clinicians comment on the importance of frailty
in their decision making, in this study there was no correlation between decisions
made and the presence of frailty. This suggests that whilst frailty may be important
to clinicians, it cannot be identified solely through proxy measures such as comor-
bidity and age. To take into account this patient characteristic that clinicians report
as important, we first need to consistently and accurately test for it (Meyers et al.

2017).



6.1. Introduction 187

6.1.4 Quality, Intensity and Toxicity of Adjuvant SACT

6.1.4.1 Starting Timely Chemotherapy

Current ESMO recommendations for timing of adjuvant SACT, are that adjuvant SACT
should commence within 8 weeks following surgery (Argilés et al. 2020) This interval is
based on work showing an increased relative risk of death if SACT is commenced after
8 weeks (RR 1.2 (1.15-1.26)) (Des Guetz et al. 2010). In their guidance, ESMO note the
presence of some earlier work that suggested even if adjuvant SACT is commenced
late, there may be some overall mortality benefit even when commenced up to 5-6

months following surgery (Turner et al. 2018)

More recently, a 2020 meta-analysis implied that this 8 week window may be too gen-
erous. Investigating the relationship between delays commencing therapy and over-
all survival in a range of cancers; the authors found that for patients with colorectal
cancer each four-week interval between surgery and starting chemotherapy was as-
sociated with a hazard ratio of 1.13 (1.09 to 1.17). The authors of this analysis also
specifically noted that their use of a unit of 4 weeks should not imply that a delay of

less than that should be considered safe (Hanna et al. 2020).

In Chapter 5, where QPI 11 also investigates a measure of timely access to adjuvant
SACT, it is worth noting that the Scottish QPIs at the time of v3.4 considered an
interval of greater than 12 weeks to be a delay in starting SACT (National Cancer

Quality Steering Group 2020).
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6.1.4.2 Dose Delay Between Cycles, Overall Course Duration

Increasing interval between planned doses of adjuvant SACT, reduces one measure
of treatment intensity: Relative Dose Intensity (RDI). A premature stop to planned
therapy (reducing course length) would also reduce RDI. RDI is the measure of dose
provided over a set period of time: mg/m?/week. RDI is considered an important
metric, both influencing the potential benefit of SACT, and likelihood of toxicity from

therapy (Dale et al. 2003; Lyman 2009; Wonders et al. 2023).

Nielson et al. 2021 performed a series of meta-analyses to investigate the relationship
between RDI and overall survival in a range of cancers, including CRC. These meta-
analyses investigated work published between 2013 and 2020. They noted a reduction
in overall survival from CRC if RDI was less than 80% when compared to > 80% (Nielson

et al. 2021).

For overall course length, ESMO currently recommend: Stage Ill disease either 3-6
months of CAPOX or 6 months of FOLFOX. Stage Il disease to be treated as Stage I,
or 6 months of single agent therapy (Argilés et al. 2020).

A key trial investigating the question of course length, the Short Course Oncology
Treatment (SCOT) trial, published in 2018, indicated that 3 months of dual agent ad-
juvant therapy (CAPOX/FOLFOX) was non-inferior and less toxic than 6 month treat-
ment for both High-Risk stage Il and stage Ill CRC (lveson et al. 2018). Work performed
by those who developed the Scottish dataset used by this thesis, identified that the
publication of the SCOT trial resulted in a significant change in adjuvant SACT pre-

scriptions in Scotland (Hanna et al. 2022). Since then, the final results of SCOT have
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been published by Iveson et al. 2026. Whilst these results do not provide new infor-
mation on toxicity and quality of life, they do confirm the non-inferiority of a 3 month
course remains when assessing probability of 5-year disease free and overall survival.

(Iveson et al. 2026).

6.1.4.3 Critical lllness and Metrics of Adjuvant SACT

In the above sections I’ve noted the importance of a diverse range of measures of
SACT that impact long term survival (receipt of adjuvant SACT, timely receipt, and
relative intensity), and the factors which are likely to impact them (mainly age and
comorbidity). What is lacking, is much in the way of evidence for how critical illness
is associated with any of these metrics. As noted in Chapter 1, one of the few studies
investigating this was the work of Camus et al. 2014. In their single centre study of
65 patients with CRC who survived ICU admission, they identified 31% of patients who
were unable to continue with their planned SACT following discharge. Whilst this pro-
vides some information, their study does not report whether changes to planned SACT
means: no SACT at all, delayed SACT, or less intense SACT (each of which would be
associated with a different impact on long term survival). A different study from 2014
does stratify between absence of SACT and modification of SACT amongst intensive
care survivors, however unfortunately this reported on patients with lung cancer, a
disease process with major differences in prognosis to CRC (Soares et al. 2014). Both
Camus et al. 2014 and Soares et al. 2014 report solely on patients admitted to Inten-
sive Care, rather than stratifying by receipt of organ support. At the point of writing,
both the above sources are older than 10 years. Similar work has been published more
recently, Borcoman et al. 2020 investigated factors associated with one year survival

for ICU patients with solid organ cancer. In doing so they identified that 246/470
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hospital survivors (52%) were able to receive subsequent oncologic treatment. Like
the other studies though, this is limited by use of a range of solid cancer types (20%
gastrointestinal) and stages (52% metastatic), with a lack of detail on ‘subsequent

oncologic treatment’. (Borcoman et al. 2020).

6.1.5 Summary

Receipt of adjuvant SACT following resection with curative intent for CRC, is as-
sociated with improved long term overall survival. As well as omission of adjuvant
SACT being associated with increased mortality, delays in commencing SACT, and
decreased treatment intensity are also associated with increased mortality. Whilst
some work has identified relevant factors in decreased SACT, there is little to clarify
how SACT receipt changes for critical illness survivors. In this chapter | assess how
receipt of organ support is associated with the likelihood of receiving adjuvant SACT
at all, and the likelihood receiving SACT in a timely fashion. | also assess how receipt
of organ support is associated with several measures of reduced treatment intensity:

single agent therapy, dose delays between cycles, and reduced overall course length.

Whilst reduced treatment intensity in several cases may be associated with similar
levels of benefit, as demonstrated by the SCOT trial, such a reduction may also reflect
either a clinician’s perception of increased risk of burdens from treatment, or an
experience of toxicity from treatment. As such, my chosen measures of intensity
(whilst relevant clinically in their own right) may be considered crude proxy measures
for more patient centred outcomes such as increasing frailty following critical illness,

or patient experience of treatment toxicity.



6.2. Methods 191

6.2 Methods

As documented in more detail in Chapter 3, | used registry level and prescription
information stored on the Scottish National Safe Haven as part of the Colorectal Can-
cer Repository (CORECT-R). Regional prescription data (Chemocare) was available on
EPCC servers in raw form; as such it required substantial cleaning and categorisation

(for SACT regime, therapeutic agents, course duration) prior to use in this work.

In the previous chapter, Chapter 5, a potential limitation was raised. Definitions for
patient inclusion were deliberately kept identical to inclusion criteria used by the
QPI programme, to allow for meaningful comparison between the results and the QPI
programme more broadly. However, any QPl may make reference to treatments that
occurred in a separate hospital stay than an index admission. This could result in my
description of a patient as an ‘emergency’ (as they initially present to hospital in
that manner), only for them to be readmitted at a later point for elective surgical
resection. In this chapter, to strengthen against this difficulty, whilst | still used the
same definitions as QPI to identify those patients eligible for adjuvant curative SACT,
| imposed additional filtering on which hospital admissions were included. Linking
SMRO1 records of surgical resection to QPI records of surgical resection, | included
only those patients who are noted both in the QPI dataset, and SMRO1 (record of
hospital admissions), to have received curative surgical resection during their index
hospital admission. To clarify, in the previous chapter the requirement was solely that
the patient received curative surgical resection at some point (as recorded on QPI) in
this chapter there is an additional requirement that the surgical resection occurred

during this index hospital admission (as recorded on QPl and SMRO1).
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In addition to the differences in age range, and hospital admissions included, the
other key difference with measures investigated in this chapter relates to what is
considered a delay starting adjuvant SACT. In Chapter 5, the 12 week time limit used
by QPI v3.4 is used. In this chapter | use the more appropriate target set by ESMO, and
used by QPI v5, that a delay in adjuvant SACT is when interval between resection and
SACT is greater than 8 weeks (Argilés et al. 2020; Healthcare Improvement Scotland

2025).

The questions of interest in this chapter relied on information from:

SMRO6 - Scottish Cancer Repository

SMRO1 - Day-case and Inpatient Information

SICSAG - Critical Care Admission and Level of Support

SACT - Systemic Anti-Cancer Therapy Prescription Records (Chemocare)

QPI - Scottish Colorectal Cancer QPI Dataset

The questions of interest detailed above are relevant to a subset of patients with CRC
who are eligible for adjuvant SACT. These are patients with High-Risk stage Il or stage
lll disease, who received curative surgical resection. The study population consisted
of patients with colorectal cancer (with Stage High-Risk Il or Ill disease) who received
surgical resection and survived both their hospital stay and the 30 days following dis-
charge. Figure 6.1 provides an overview of the population stratification. To identify
these | filtered our previously created dataset to patients with relevant staging, then
used the Scottish QPI dataset to identify those noted as receiving curative resec-
tion, excluding those who refused adjuvant chemotherapy or received neoadjuvant
therapy, and additionally used SMR-01 to include only the hospital admissions where

surgical resection was noted to take place.
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In the introduction | note that Relative Dose Intensity (mg/m?/week) is a recognised
important measure. In this chapter, due to limitations with RDI, | use different proxy
measures for dose intensity: delays during course, dual versus single agent therapy,
and course length. RDI in this context would rely on multiple sources of unvalidated
information (dose received, body surface area, true course length), and require ei-
ther splitting the subcohorts further at the drug level (causing limitations from sam-
ple size), or combining RDIs for different drugs into a normalised value. In this thesis
| have attempted to have measures that are meaningful both to clinicians and pa-
tients. A difference in percentage of a normalised RDI appears less clear and less
easy to interpret than: ‘one chemotherapy drug or two?’, ‘were there delays during
chemotherapy?’, or ‘did chemotherapy get stopped early?’. Additionally, a normalised

RDI would pose difficulties when defining a clinically meaningful difference.

As noted in Figure 6.1, different questions of interest require different patient pop-
ulations, either due to population definitions, or limitations of data availability. As a

result the following are used:

o SACT A - Receipt of Adjuvant SACT - Includes all patients eligible for SACT by
nature of disease stage and surgical resection as described above (n = 3,427)

« SACT B - Delay In Starting Adjuvant SACT - Includes all patients who received
adjuvant SACT for above indication (n = 1,988)

e SACT C-E - Delays During, Single Agent versus Dual, Course Length - Required

additional chemocare prescription data (n = 1,582)

Variable selection for multivariable regression was performed through initial univari-
able analysis, allowing selection of variables which appeared likely to have an impact
on the outcomes of interest. Variables which had a PD of > 95% were included in

multivariable analysis.
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Figure 6.1: CONSORT diagram showing patient selection for subgroup SACT analysis
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As in Chapter 5, | used a working definition for 'meaningful clinically important differ-

ence’ in odds (MCID) of 3%, based on 10% of the standard deviation from the baseline

target of cancer care quality. This statistical approach to thresholds for MCID was

taken due the lack of published MCIDs (either expert opinion or evidence based) for

this context.

6.2.1

Models

Each of the five questions asked in this chapter is described and subsequently in-

vestigated with their own Bayesian Multivariable Regression model. Details of these

models is included in Table 6.1.

Table 6.1: Summary of Bayesian Models Used in SACT Analysis

Model Outcome of Interest Model Variables Included
ID Family
SACT A Receipt of Adjuvant Bernoulli Support In Hospital * Nature of Admn + Age + Dx To Admn (days)
SACT + CRC Stage +
Comorbidities (Number) + Hospital LOS (Days) + Method Diagno-
sis + Operations (Number) + SIMD Quintile
SACT B Delay Commencing Ad-  Bernoulli Support In Hospital * Nature of Admn + Hospital LOS (Days) +
juvant SACT Method Diagnosis + Operations (Number)
SACT C Single Agent or Dual Bernoulli Support In Hospital * Nature of Admn + Age + Dx To Admn (days)
Agent SACT + CRC Stage +
Comorbidities (Number) + Hospital LOS (Days) + Method Diagno-
sis + Surgery To SACT (days)
SACT D Dose Delay Between Cy-  Bernoulli Support In Hospital * Nature of Admn + SACT Regime
cles of SACT
SACTE Course Length of Adju- Cumulative Support In Hospital * Nature of Admn + Age + Dx To Admn (days)

vant SACT

+ CRC Stage + Hospital LOS (Days) + PRE_SCOT + SACT Regime +
Sex + SIMD Quintile

Each model was run four times with differing prior distributions for use in later sen-

sitivity analysis, following the recommendations from Zampieri et al. 2021:

Uninformative ~ Normal(u = 0, o = 0.355)

Sceptical ~ Normal(u = 0, o = 0.205)

Optimistic ~ Normal(u = 0.15, o = 0.205)

Pessimistic ~ Normal(u = -0.15, o = 0.205) (Zampieri et al. 2021)
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Each model was performed with 5000 steps total, 1000 steps burn-in and 10 chains.
Validity analysis was performed for each model with: sensitivity analysis between

choice of priors, effective sample size, R-hat, and posterior predictive checks

6.3 Results

6.3.1 Demographics of Patients Eligible for Curative Adjuvant SACT

3,427 patients were identified as being eligible for receipt of adjuvant SACT (Fig-
ure 6.1). The demographic characteristics of this subset are shown in Table 6.2, with

additional detail provided in Table C.3 in the appendix.
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Table 6.2: Demographic Characteristics - Receipt of Adjuvant Chemotherapy (SACT A)

Characteristic Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Ward Level  Monitoring Organ Ward Level  Monitoring Organ
Support Support
N = 3,427 N = 650 N = 1,695 N =326 N =170 N =416 N =170
Age At Diagnosis 71 (62, 79) 69 (61, 76) 70 (62, 78) 73 (65, 79) 72 (58, 80) 72 (63, 80) 73 (64, 80) >100
Female Sex 1,567 (46%) 305 (47%) 753 (44%) 127 (39%) 95 (56%) 218 (52%) 69 (41%) 0.40
SIMD (quintile) -
1 604 (18%) 93 (14%) 285 (17%) 67 (21%) 36 (21%) 72 (17%) 51 (30%) 0.20
5 739 (22%) 140 (22%) 393 (23%) 52 (16%) 37 (22%) 88 (21%) 29 (17%) <0.01
Additional Charlson Co- -
morbidities Known
None 2,621 (76%) 551 (85%) 1,300 (77%) 211 (65%) 131 (77%) 303 (73%) 125 (74%) >100
One 608 (18%) 82 (13%) 303 (18%) 77 (24%) 32 (19%) 82 (20%) 32 (19%) 0.031
Multiple 198 (5.8%) 17 (2.6%) 92 (5.4%) 38 (12%) 7 (4.1%) 31 (7.5%) 13 (7.6%) 2.96
Cardiac Disease (Charl- 200 (5.8%) 23 (3.5%) 101 (6.0%) 31 (9.5%) 9 (5.3%) 25 (6.0%) 11 (6.5%) <0.01
son)
Respiratory Disease 292 (8.5%) 30 (4.6%) 130 (7.7%) 50 (15%) 11 (6.5%) 52 (13%) 19 (11%) >100
(Charlson)
Renal Disease (Charl- 172 (5.0%) 20 (3.1%) 71 (4.2%) 30 (9.2%) 9 (5.3%) 28 (6.7%) 14 (8.2%) <0.01
son)
Surgical Admission 3,421 650 (100%) 1,694 325 (100%) 167 (98%) 416 (100%) 169 (99%) <0.01
(100%) (100%)
Operations During Ad- -
mission
One 2,954 (86%) 586 (90%) 1,483 (87%) 242 (74%) 152 (89%) 367 (88%) 124 (73%) >100
Multiple 473 (14%) 64 (9.8%) 212 (13%) 84 (26%) 18 (11%) 49 (12%) 46 (27%) >100
Diagnosis To Admission 41 (16, 66) 46 (32, 66) 50 (34, 75) 53 (34, 76) 0(0, 1) 0 (0, 10) 0 (0, 13) >100
(days)
Duration Hospital Stay 9 (6, 15) 7 (5, 10) 8 (6, 12) 14 (9, 26) 14 (10, 25) 14 (10, 22) 23 (14, 41) >100
(days)
Duration Critical Care 2.00 (1.00, 0.00 (0.00, 2.00 (1.00, 5.00 (3.00, 0.00 (0.00, 3.00 (2.00, 5.00 (3.00, >100
Stay (days) 4.00) 0.00) 4.00) 8.00) 0.00) 4.00) 10.00)
Critical Care Admission 1,717 (50%) O 1,433 (85%) 196 (60%) 0 76 (18%) 12 (7.1%) >100
Was Planned
APACHE I Score 13.0 (10.0, NA 11.0 (9.0, 14.0 (11.0, NA 11.0 (9.0, 16.0 (12.0, >100
16.0) 13.0) 18.0) 13.5) 19.0)
Vasoactive Support 444 (90%) - 294 (90%) - 150 (88%) 0.093
Ventilated 183 (37%) - 97 (30%) 86 (51%) >100
Renal Replacement 22 (4.4%) - 14 (4.3%) 8 (4.7%) 0.051
Therapy
Method of First Detec- -
tion
Clinical presentation 2,630 (77%) 442 (68%) 1,222 (72%) 241 (74%) 161 (95%) 404 (97%) 160 (94%) >100
Screening examination 711 (21%) 192 (30%) 426 (25%) 73 (22%) 8 (1.9%) >100
Duke -
High-Risk II 1,113 (32%) 201 (31%) 534 (32%) 105 (32%) 58 (34%) 164 (39%) 51 (30%) <0.01
n 2,314 (68%) 449 (69%) 1,161 (68%) 221 (68%) 112 (66%) 252 (61%) 119 (70%) <0.01
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6.3.1.1 Patient Characteristics

Despite filtering to a more comparable disease state and level of treatment, the six
subcohorts continue to have some notable differences in demographic characteristics,

as seen previously in chapters 4 and 5.

Differences in age are apparent between our subcohorts (BF > 100). The overall me-
dian age of the cohort was 71, patients admitted as an emergency tended to have an

increased median age than those admitted electively (increase of 0 to 3 years).

Bayes Factor contingency table analysis suggests moderate evidence of no difference
between subcohorts in proportion of female patients (BF 0.4). SIMD Quintiles are es-
tablished so that 20% of the Scottish population sits within each strata. The overall
cohort’s proportions sit close to this (Quintile 1 - 18%, n = 604 | Quintile 5 - 22% n =
739). While Emergency - Organ Support has a larger proportion of patients within the
most deprived level, Quintile 1 (30% n = 51), BF suggest moderate evidence of no dif-
ference between subcohorts in SIMD 1 (BF 0.2), and strong evidence of no difference

between subcohorts in SIMD 5 (BF < 0.01).

6.3.1.2 Comorbidities

There is strong evidence of difference between the subcohorts, of proportions of pa-
tients with No Comorbidities (BF > 100). The overall proportion of patients with No
Comorbidities Additional To Cancer was 76% (n = 2,621). Elective - Ward Level pa-
tients had a notably higher proportion (85%, n = 551), and Elective - Organ Support
notably lower (65%, n = 211) There was anecdotal evidence (used to mean low level of

statistical support, see Table 2.1) that there were differences for Multiple Additional
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Comorbidities (BF 2.96). The overall proportion of patients with Multiple Comorbidi-
ties was 5.8% (n = 198). Organ Support patients had the highest proportion of patients
with multiple comorbidities in both the Elective and Emergency subcohort (12%, n =

38 | 7.6%, n = 13 respectively).

Elective - Organ Support also had the highest proportion of patients with specific co-
morbidities; Cardiac Disease (9.5% n = 31, Overall 5.8% n = 200), Respiratory Disease
(15% n = 50, Overall 8.5% n = 292), and Renal Disease (9.2% n = 30, Overall 5% n =
172). Rates of comorbidity differed between Elective - Organ Support and Elective -
Monitoring, whereas in Emergency admissions comorbidity tended to be similar be-
tween Organ Support and Monitoring. Of the named comorbidities studied, difference
in proportions between subcohorts was only seen for those with Respiratory Disease

(BF > 100).

6.3.1.3 Disease Specific and Admission Characteristics

For inclusion into the population of interest, all patients underwent surgical resec-
tion during the index hospital admission. The majority of patients underwent one
operation during their admission (86% n = 2954), with a minority receiving multiple
operations (14% n = 473). The proportion of patients with multiple operations was
greatest in the two Organ Support subcohorts (Elective 26% n = 84, Emergency 27% n
= 46). There was strong evidence of differences in numbers of operations undertaken

between subcohorts (BF > 100).



6.3. Results 200
With regards to method of diagnosis, overall proportion of patients diagnosed through
screening was 21% (n = 711), and through clinical presentation was 77% (n = 2630).
Emergency patients had a ~95% proportion diagnosed through clinical presentation
in all 3 subcohorts. There was strong evidence of differences in method of diagnosis

between subcohorts (BF > 100).

The overall median interval between CRC diagnosis and admission was 41 days. Among
Emergency patients this was much lower (median 0 days in all subcohorts, BF > 100),
reflecting the high proportion of patients being diagnosed during their hospital ad-

mission.

The overall median hospital length of stay was slightly greater than one week (9 days).
There was strong evidence of difference between our six subcohorts (BF > 100). Each
Emergency subcohort had a duration in hospital approximately one week longer than
their Elective counterpart. Each Organ Support subcohort had a hospital duration
approximately one week longer than the subcohorts of Ward Level and Monitoring.
As such Emergency - Organ Support had a hospital duration 2 weeks longer than the

overall median (23 days).

APACHE Il scores were calculated only for patients in Critical Care. Overall median
APACHE 1l score was 13. As expected, Organ Support patients had greater APACHE I
scores than Monitoring Patients (BF > 100). Emergency - Organ Support subcohort had
the highest median APACHE Il score of 16.
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Among Organ Support patients, the overall proportion experiencing each form of sup-
port was: Vasoactive (90% n = 444), Ventilation (37% n = 183), and Renal Replacement
Therapy (RRT) (4.4% n = 22). Rates of vasoactive support (BF < 0.1) and RRT (BF <
0.1) were similar between Elective and Emergency subcohorts, however Emergency
- Organ Support had a greater proportion receiving ventilation (BF > 100: Emergency

51% n = 86, Elective 30% n = 97).

The overall population had 32% (n = 1113) patients with High-Risk Stage Il, and 68%
(n = 2314) patients with Stage lll disease. There was evidence of no difference in the

split between High-Risk Il and Stage Il disease among the six subcohorts (BF < 0.01).

6.3.2 Receipt of Adjuvant Chemotherapy (SACT A)

With an upper limit of 6 months following surgical resection, the overall proportion of
patients eventually receiving adjuvant SACT was 58%. There was strong evidence of
differences in adjuvant chemotherapy receipt between the six subcohorts (BF > 100).
Elective - Ward Level patients were the subcohort with the highest proportion of SACT
receipt (71%, n = 1988). Within each form of admission, Organ Support patients had
the lowest proportion of SACT attainment: Elective - Organ Support (43%, n = 141),
Emergency - Organ Support (35%, n = 59). Table 6.3 highlights these clear differences
in the receipt of adjuvant SACT between these six subcohorts. Each Elective subco-
hort had a higher proportion of receipt of SACT than their Emergency counterpart.
Figure 6.2 demonstrates the cumulative incidence of adjuvant SACT receipt for pa-
tients following surgical resection. In this figure a clear plateau in SACT receipt occurs
at approximately 12 weeks post surgical resection for the six subcohorts (although it
appears this plateau may occur later for patients in the Emergency - Organ Support
subcohort). Whilst SACT A reports on total adjuvant SACT receipt up to 6 months,
the majority of receipt has occurred for most patients by 12 weeks, detailed more in

SACT B below.
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Figure 6.2: Cumulative Incidence Plot and Risk Table - Receipt of Adjuvant SACT Following Curative Surgical Resection for Patients With High
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Table 6.3: Proportion of Patients Receiving Adjuvant Chemotherapy (SACT A)

Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Ward Monitoring Organ Ward Monitoring Organ
Level Support  Level Support
N =3,427 N =650 N=1,695 N-=326 N =170 N =416 N =170
1,988 464 (71%) 1,031 141 (43%) 81 (48%) 212 (51%) 59 (35%) > 100
(58%) (61%)

6.3.2.1 Variable Selection - Univariable Analysis

A series of single variable models were performed to identify variables suitable for
inclusion in a later multivariable model. Figure 6.3 displays each of these model’s
posterior probability distributions of the Odds Ratio of eventual receipt of adjuvant
SACT. Table 6.4 provides detailed results of the univariable analysis, including prob-
ability of direction, and whether this reaches pre-specified magnitude for inclusion

in the multivariable model.

Of the single variable models, the factor most strongly associated with an increased
odds of adjuvant chemotherapy receipt was diagnosis through Screening (OR 3.85
(3.19-4.67)). The factor most strongly associated with decreased odds of adjuvant
chemotherapy receipt was the presence of multiple additional comorbidities (OR 0.19

(0.14-0.26)).

Of the variables of interest, receipt of organ support was associated with a decreased
odds of adjuvant chemotherapy receipt (OR 0.49 (0.4 - 0.59)) in this unadjusted anal-

ysis.
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Figure 6.3: Posterior probability distributions of the odds ratio for receipt of adjuvant chemotherapy (SACT A), from univariable logistic regression
models fitted to each variable. Vertical line at OR 1 (no effect). Facet key provides title and comparator for each variable
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Table 6.4: Summary of posterior probability distributions of the odds ratio for receipt of
adjuvant chemotherapy (SACT A), from univariable logistic regression models fitted to each

variable.
Variable Median Crl PD (%) Threshold
Reached

Age at diagnosis per increase in age by one year 0.86 (0.85-0.87) 100.00 TRUE
Diagnosis-to-admission per increase in interval by 1.00 (1-1) 99.99 TRUE
one day

Anatomic Stage High Risk Il vs Anatomic Stage llI 0.38 (0.33-0.44) 100.00 TRUE
Cardiac vs no cardiac comorbidity 0.28 (0.21 - 0.37) 100.00 TRUE
Dementia vs no dementia 0.41 (0.24 - 0.7) 99.96 TRUE
Diabetes vs no diabetes 0.52 (0.42 - 0.64) 100.00 TRUE
Renal vs no renal comorbidity 0.20 (0.15-0.28) 100.00 TRUE
Respiratory vs no respiratory comorbidity 0.55 (0.44 - 0.7) 100.00 TRUE

One additional Charlson comorbidity vs zero addi- 0.49 (0.41 - 0.58) 100.00 TRUE
tional comorbidity

Two plus additional Charlson comorbidity vs zero 0.19 (0.14 - 0.26) 100.00 TRUE
additional comorbidity

Organ Support vs Monitoring 0.49 (0.4 - 0.59) 100.00 TRUE
Ward Level vs Monitoring 1.35 (1.15-1.59) 99.99 TRUE
Hospital duration per increase in duration by one 0.91 (0.9 - 0.92) 100.00 TRUE
day

Diagnosis incidental finding vs clinical presentation 0.70 (0.47 - 1.03) 96.22 TRUE
Diagnosis other/not known vs clinical presentation 1.78 (0.99 - 3.21) 97.25 TRUE

Diagnosis screening vs clinical presentation 3.85 (3.19 - 4.67) 100.00 TRUE
Emergency admission vs elective admission 0.58 (0.5 - 0.68) 100.00 TRUE
Multiple operations vs single operation 0.83 (0.69 - 1.01) 97.04 TRUE
Female sex vs male 1.1 (0.97 - 1.27) 94.15  FALSE
SIMD Quintile 2 vs 1 0.99 (0.81 - 1.22) 53.68 FALSE
SIMD Quintile 3 vs 1 1.22 (1-1.49) 97.59 TRUE
SIMD Quintile 4 vs 1 1.11 (0.91 - 1.37) 85.26 FALSE
SIMD Quintile 5 vs 1 1.32 (1.08 - 1.61) 99.64 TRUE

Crl - 95% Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%

6.3.2.2 Results of Multivariable Analysis

Results from the multivariable model ran with uninformative priors are shown in Fig-
ure 6.4 and Table 6.5. Results of the remainder of the variables included in this model

are in the appendix in Table C.5.
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Regarding the primary variable of interest: Receipt of Organ Support, both Emer-
gency and Elective Organ Support patients were likely associated with reduced odds
of eventual SACT receipt, when compared to patients receiving Monitoring in critical

care.

Emergency - Organ Support was likely to be associated with reduction in odds of SACT
receipt (median OR 0.8, 95% Crl 0.52-1.24). The probability of clinically meaningful
decrease in odds of SACT receipt was 79%, with 9% probability of no clinically mean-
ingful difference, and 12% probability of clinically meaningful increase in odds of
SACT receipt. The median estimate for the association between Emergency - Organ

Support and SACT receipt was 20% lower odds of eventual SACT receipt.

Elective - Organ Support was more likely than not to be associated with reduction in
odds of SACT receipt (median OR 0.9, 95% Crl 0.68-1.2). The probability of clinically
meaningful decrease in odds of SACT receipt was 67%, with 17% probability of no
clinically meaningful difference, and 16% probability of clinically meaningful increase
in odds of SACT receipt. The median estimate for the association between Elective -

Organ Support and SACT receipt was 10% lower odds of eventual SACT receipt.

Compared against Elective - Monitoring patients, Elective - Ward was very likely to
be associated with increased odds of SACT receipt (median OR 1.23, 95% Crl 0.98-
1.56). The probability of clinically meaningful increase in odds of SACT receipt was
92%, with 6% probability of no clinically meaningful difference, and 2% probability
of clinically meaningful decrease in odds of SACT receipt. The median estimate for
the association between Elective - Ward and SACT receipt was 23% higher odds of

eventual SACT receipt.
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Compared against Emergency - Monitoring patients, Emergency - Ward was likely to be
associated with decreased odds of SACT receipt (median OR 0.77, 95% Crl 0.5-1.19).
The probability of clinically meaningful decrease in odds of SACT receipt was 83.75%,
with 7.55% probability of no clinically meaningful difference, and 8.7% probability
of clinically meaningful increase in odds of SACT receipt. The median estimate for
the association between Emergency - Ward and SACT receipt was 23% lower odds of

eventual SACT receipt.
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Figure 6.4: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for receipt of adjuvant chemotherapy (SACT A), from multivariable logistic regression model
using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators
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Table 6.5: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for receipt of adjuvant chemotherapy (SACT A), from multivariable logistic
regression model using uninformative priors, for the key variables of interest, with comparator

provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage Of

(%) (%) Largest Effect
Elective: 0.90 (0.68-1.2) 76.07 16.99 16.46 66.56 66.56% chance
Organ Support meaningful reduction
vs Elective: Monitoring
Elective: 1.23 (0.98-1.56) 96.16 5.79 92.51 1.70 92.51% chance
Ward Level meaningful increase
vs Elective: Monitoring
Emergency: 0.80 (0.52-1.24) 83.57 9.06 12.31 78.63 78.63% chance
Organ Support meaningful reduction
vs Emergency: Monitoring
Emergency: 0.77 (0.5-1.19) 88.00 7.55 8.70 83.75 83.75% chance
Ward Level meaningful reduction

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -

Percentage of clinically meaningful increase/decrease

6.3.2.3 Model Validity And Sensitivity

Repeating each model with differing priors (Sceptical, Optimistic, Pessimistic) re-

sulted in similar posterior estimates for each variable, as demonstrated in Figure 6.5,

and Table 6.6. Each choice of prior resulted in similar directions of posterior esti-

mates.
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Figure 6.5: Sensitivity Analysis - Comparisons of posterior probability distribution of the odds
ratio for receipt of adjuvant chemotherapy (SACT A), from multivariable logistic regression
models using different prior probability distributions
Facet key provided for variable names and comparators

Table 6.6: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for receipt of adjuvant chemotherapy (SACT A), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators

Variable Uninf! Skep!
Elective: Organ Support 0.9 0.91 -0.01 0.96 -0.05 0.87 0.03
Elective: Ward Level 1.23 1.17  0.06 1.21 0.02 1.13 0.1

Emergency: Organ Support 0.8 0.87 -0.06 0.99 -0.18 0.77 0.04
Emergency: Ward Level 0.77 0.92 -0.15 1.03 -0.26 0.82 -0.05
I'Median Estimate of Odds From Model

2 Median Estimate of Difference Between Uninformative Priors and Model

Table C.6 (appendix) provides detailed results of the validity analysis. Multivariable
model chains showed good convergence, with R of < 1.01 for each variable. With the
smallest ESS remaining greater than 20,000, there are no concerns about the central

estimates or credible intervals.
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Figure C.4 (appendix) shows the posterior predictive check for the model, comparing
model predictions to actual outcomes. The degree of overlap seen in this suggests that
the multivariable model accurately makes predictions in keeping with the observed

data.
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6.3.3 Delay to Receipt of Adjuvant Chemotherapy (SACT B)

For SACT B and all subsequent sections in this chapter, the population investigated
were those who did receive adjuvant SACT, detailed in Figure 6.1. Table C.4 in the

appendix describes the characteristics of patients who received adjuvant SACT.

Among the population of patients who received adjuvant SACT following curative sur-
gical resection for High Risk Stage Il and Stage lll disease, the proportion of patients
who experienced delays commencing therapy, with treatment starting greater than 8
weeks after surgical resection, was 27%. There was strong evidence of difference be-
tween the six subcohorts (BF > 100), detailed in Table 6.7. The majority of Emergency
- Organ Support patients who received adjuvant SACT, experienced delays commenc-
ing therapy (56% experienced a delay, n = 33). Elective - Organ Support patients had
the greatest proportion of delays amongst those admitted electively (38%, n = 54).
Elective - Monitoring patients had the smallest proportion of delays of the six subco-

horts (24%, n = 247).

Table 6.7: Delays In Receiving Adjuvant Chemotherapy

Overall Elective Elective Elective Emergency Emergency Emergency Bayes Factor
Ward Level  Monitoring Organ Support Ward Level  Monitoring Organ Support
N =1,988 N = 464 N =1,031 N =141 N = 81 N =212 N =59

Delay 544 (27.4%) 117 (25.2%) 247 (24.0%) 54 (38.3%) 29 (35.8%) 64 (30.2%) 33 (55.9%) > 100
No Delay 1,444 (72.6%) 347 (74.8%) 784 (76.0%) 87 (61.7%) 52 (64.2%) 148 (69.8%) 26 (44.1%)

Noting strong evidence of difference in delays experienced between groups, | strati-
fied these delays further by magnitude. These differences are shown in Figure 6.2, and
described and tested in Table 6.8. The majority of patient delays occurred between 9

and 12 weeks (n = 472, 87% of delays), the pattern of which group experiencing what
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magnitude of delay remained the same as delays overall. Emergency - Organ Support
had the largest proportion of delays between 9-12 weeks (78% of delays n = 26), and
Elective - Organ Support had the largest proportion of delays between 9-12 weeks for

Elective admissions (85% of delays, n = 46).

Emergency and Elective Organ Support subcohorts contained the largest proportions
of patients experiencing more significant delays. 12% (n = 7) of Emergency Organ Sup-
port patients who eventually received adjuvant SACT, did so at 12 weeks or later. 6%
(n = 8) of Elective Organ Support patients who eventually received adjuvant SACT, did
so at 12 weeks or later. There was strong evidence of no difference in the proportions

of delays experienced at these time points or later, with a BF < 0.1.

Table 6.8: Magnitude of Delays In Receiving Adjuvant Chemotherapy

Overall Elective Elective Elective Emergency Emergency Emergency Bayes Factor
Ward Level ~ Monitoring Organ Support Ward Level  Monitoring Organ Support
N =1,988 N = 464 N=1,031 N =141 N =81 N =212 N =59
No Delay (<8 weeks) 1,444 (72.6%) 347 (74.8%) 784 (76.0%) 87 (61.7%) 52 (64.2%) 148 (69.8%) 26 (44.1%) >100
9 - 12 Weeks 472 (23.7%) 105 (22.6%) 216 (21.0%) 46 (32.6%) 25 (30.9%) 54 (25.5%) 26 (44.1%) 50
12 - 16 Weeks 53 (2.7%) 9 (1.9%) 22 (2.1%) 6 (4.3%) 3 (3.7%) 6 (2.8%) 7 (11.9%) <0.1*
16 - 24 Weeks 19 (1.0%) 3 (0.6%) 9 (0.9%) 2 (1.4%) 1(1.2%) 4 (1.9%) 0 (0%)

BF Contingency Table Analysis comparison made against No Delay group, *12+ weeks consolidated due to groups with values of 0

6.3.3.1 Variable Selection - Univariable Analysis

In single variable analysis few variables were associated with PD > 95%. Results of
these are provided in Table 6.9. Figure C.5 in the appendix provides posterior proba-

bility distributions for the single variable models.

In single variable models, the factor most strongly associated with increased odds of
delay in commencing adjuvant SACT was experiencing organ support in critical care
(OR 2.03, 1.52-2.71). The variable associated with the greatest protection from delay

commencing adjuvant SACT was diagnosis through clinical screening (OR 0.8, 0.65 -

1).
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Variables included in multivariable analysis were: the nature of admission to hospital,
level of support during hospital admission, duration of hospital admission, method of

CRC diagnosis, and number of operations during admission.

Table 6.9: Summary of posterior probability distributions of the odds ratio for delay to receipt
of adjuvant chemotherapy (SACT B), from univariable logistic regression models fitted to each

variable.

Variable median Crl PD (%) PD_great
Age at diagnosis per increase in age by one year 1.00 (0.99-1.01) 61.8 FALSE
Diagnosis-to-admission per increase in interval by 1.00 (1-1) 70.8 FALSE
one day

Anatomic Stage High Risk Il vs Stage IlI 0.85 (0.67 -1.07) 91.3 FALSE
Cardiac vs no cardiac comorbidity 1.01 (0.62 - 1.63) 51.4 FALSE
Dementia vs no dementia 0.97 (0.49 - 1.9) 53.7 FALSE
Diabetes vs no diabetes 1.10 (0.78 - 1.54) 71.1 FALSE
Renal vs no renal comorbidity 1.01 (0.58 - 1.72)  51.1 FALSE
Respiratory vs no respiratory comorbidity 1.02 (0.71 - 1.46) 55.0 FALSE
One additional Charlson comorbidity vs zero addi- 1.12 (0.85-1.46) 79.8 FALSE

tional comorbidity
Two plus additional Charlson comorbidity vs zero 0.92 (0.55 - 1.54) 61.8 FALSE
additional comorbidity

Organ Support vs Monitoring 2.03 (1.52 -2.71) 100.00 TRUE
Ward Level vs Monitoring 1.03 (0.83-1.29) 61.4 FALSE
Hospital duration per increase in duration by one 1.07 (1.06 - 1.09) 100.00 TRUE
day

Diagnosis incidental finding vs clinical presentation 0.95 (0.55 - 1.61) 57.8 FALSE
Diagnosis other/not known vs clinical presentation 0.95 (0.51-1.72) 57.2 FALSE
Diagnosis screening vs clinical presentation 0.80 (0.65 - 1) 97.5 TRUE
Emergency admission vs elective admission 1.56 (1.23-1.98) 99.9 TRUE
Multiple operations vs single operation 1.31 (1-1.7) 97.5 TRUE
Female sex vs male 1.12 (0.92 - 1.36) 86.62  FALSE
SIMD Quintile 2 vs 1 1.20 (0.9 - 1.6) 88.8 FALSE
SIMD Quintile 3 vs 1 1.07 (0.81-1.41) 67.1 FALSE
SIMD Quintile 4 vs 1 0.92 (0.69 - 1.22) 72.2 FALSE
SIMD Quintile 5 vs 1 0.84 (0.63-1.11) 89.6 FALSE

Crl - Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%

6.3.3.2 Results of Multivariable Analysis

Following adjustment in multivariable analysis, organ support is likely to be associ-
ated with a clinically meaningful increase in the likelihood of delays commencing

SACT.
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Emergency - Organ Support, contrasted against Emergency - Monitoring, was ex-
tremely likely to be associated with increased odds of delays (median OR 1.82, 95%
Crl 1.12-2.95, 99% probability of clinically meaningful increase). The combined es-
timated probability of no clinically meaningful difference and clinically meaningful
decreased odds of delay was 1.4%. The median estimate was that Emergency - Organ

Support had 82% increased odds of delays commencing adjuvant SACT.

Elective - Organ Support, when contrasted against Elective - Monitoring, was also ex-
tremely likely to be associated with increased odds of delays (median OR 1.5, 95%
Cr1 1.09-2.07, 98% probability of clinically meaningful difference). The combined es-
timated probability of no clinically meaningful difference and clinically meaningful
decreased odds of delay was 1.5%. The median estimate was that Elective - Organ

Support had 50% increased odds of delays commencing adjuvant SACT.

Elective - Ward Level was likely to be associated with increased odds of delay com-
mencing SACT (median OR 1.13, 95% Crl 0.89-1.43). The estimated probability of
clinically meaningful increased odds of delay commencing SACT was 73%, the esti-
mated probability of no meaningful difference was 19.6%, the estimated probability
of a decrease in delay commencing SACT was 7.8%. Emergency - Ward Level was more
likely than not to be associated with increased odds of SACT delay (median OR 1.14,
95% Crl 0.73-1.78). The estimated probability of clinically meaningful increased odds
of delay commencing SACT was 64%, the estimated probability of no meaningful dif-
ference was 15%, the estimated probability of a decrease in delay commencing SACT

was 21%.

Posterior estimates from the multivariable model ran with uninformative priors are

shown in Figure 6.6 and Table 6.10.
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Figure 6.6: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for delay to receipt of adjuvant chemotherapy (SACT B), from multivariable logistic regression
model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators

Table 6.10: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for delay to receipt of adjuvant chemotherapy (SACT B), from multivariable
logistic regression model using uninformative priors, for the key variables of interest, with
comparator provided beneath

Variable Median Crl PD ROPE Increase Decreas¢ Percentage Of

(%) (%) Largest Effect
Elective 1.50 (1.09-2.07) 99.26 1.23 98.46 0.32 98.46% chance
Organ Support meaningful increase
vs Elective: Monitoring
Elective 1.13 (0.89-1.43) 84.20 19.60 72.61 7.80 72.61% chance
Ward meaningful increase
vs Elective: Monitoring
Emergency 1.82 (1.12-2.95) 99.14 0.89 98.63  0.48 98.63% chance
Organ Support meaningful increase
vs Emergency: Monitoring
Emergency 1.14 (0.73-1.78) 71.39 14.87 63.77 21.36 63.77% chance
Ward meaningful increase

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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6.3.3.3 Model Validity and Sensitivity

As demonstrated in Figure C.6 (in appendix) and Table 6.11, differing choice of model
priors did not meaningfully change posterior probability estimates for the variables

of interest.

Estimates of model validity and sensitivity are provided in the appendix, section C.3.1

Table 6.11: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for delay to receipt of adjuvant chemotherapy (SACT B), from multivariable
logistic regression models using different prior probability distributions
Facet key provided for variable names and comparators
Elective: Organ Support 1.5 1.35 0.15 1.42 0.08 1.28 0.22
Elective: Ward Level 1.13 1.09 0.04 1.13 -0.01 1.05 0.08
Emergency: Organ Support 1.82 1.54 0.27 1.77 0.05 1.35 0.47
Emergency: Ward Level 1.14 1.1 0.04 1.24 -0.1 0.98 0.16

I Median Estimate of Odds From Model
2 Median Estimate of Difference Between Uninformative Priors and Model
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6.3.4 Regime Choice In Adjuvant Chemotherapy (SACT C)

In the following questions (SACT C to E), proxy measures for dose intensity are in-
vestigated. To do so, additional information from chemocare is required, resulting in

some patient exclusion as noted in Figure 6.1.

In the first of these questions | aimed to assess for differences in receipt of Single
Agent vs Dual Agent therapy, The overall proportion of patients receiving single agent
therapy was 35% (n = 550). There was strong evidence no difference in proportion of
patients receiving Dual versus Single Agent therapy between the six subcohorts (BF
< 0.01). Elective - Organ Support had the greatest proportion of patients receiving
single agent therapy (44%, n = 47). Emergency - Organ Support had the next greatest
proportion of the six subcohorts (39%, n = 18). All four other subcohorts had close
to identical proportions receiving single agent therapy (34-35%). There was also ev-
idence of no difference between our six subcohorts in the proportions of patients
when stratifying by specific regimens (BF 0.25 - < 0.01). Table 6.12 demonstrates the

proportions observed between the six subcohorts.

Table 6.12: Results Summary - Regime Choice In Adjuvant Chemotherapy (SACT C)

Overall Elective  Elective Elective Emergency Emergency Emergency Bayes Factor
Ward Level Monitoring Organ Support Ward Level  Monitoring Organ Support
N =1,582 N =369 N =829 N =107 N =65 N =166 N = 46
Regime:
CAPOX 871 (55%) 199 (54%) 479 (58%) 48 (45%) 33 (51%) 90 (54%) 22 (48%) <0.01
FOLFOX 161 (10%) 46 (12%) 69 (8.3%) 12 (11%) 9 (14%) 19 (11%) 6 (13%) <0.01
5FU 54 (3.4%) 19 (5.1%) 12 (1.4%) 10 (9.3%) 3 (4.6%) 9 (5.4%) 1(2%) 0.25
Capecitabine 496 (31%) 105 (28%) 269 (32%) 37 (35%) 20 (31%) 48 (29%) 17 (37%) <0.01
Dual Agent 1,032 (65%) 245 (66%) 548 (66%) 60 (56%) 42 (65%) 109 (66%) 28 (61%) <0.01
Single Agent 550 (35%) 124 (34%) 281 (34%) 47 (44%) 23 (35%) 57 (34%) 18 (39%)
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6.3.4.1 Variable Selection - Univariable Analysis

In single variable analysis, patients with High-Risk Stage Il disease had the great-
est association with increased likelihood of single agent therapy (OR 5.63, 95% Crl
4.46-7.13). Patients diagnosed through screening had the greatest association with
decreased likelihood of single agent therapy (OR 0.67, 95% Crl 0.54 - 0.84). In uni-
variable analysis Organ Support was associated with increased likelihood of single
agent therapy (1.34, 95% Crl 0.98-1.82 Probability of Direction of 96.6%). Full results

of single variable analysis are included in Table 6.13 and Figure C.8.
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Table 6.13: Summary of posterior probability distributions of the odds ratio for receipt of
single agent adjuvant chemotherapy (SACT C), from univariable logistic regression models

fitted to each variable.

Variable median Crl PD (%) PD_great
Age at diagnosis per increase in age by one year 1.08 (1.07 - 1.1) 100.00 TRUE
Diagnosis-to-admission per increase in interval by 1.00 (1-1) 96.30 TRUE
one day

Anatomic Stage High Risk Il vs Stage Ill 5.63 (4.46 - 7.13) 100.00 TRUE
Cardiac vs no cardiac comorbidity 1.12 (0.68 - 1.86) 67.45  FALSE
Dementia vs no dementia 0.96 (0.48 - 1.91) 55.11  FALSE
Diabetes vs no diabetes 1.44 (1.03 - 2.01) 98.35 TRUE
Renal vs no renal comorbidity 1.19 (0.67 - 2.09) 72.40 FALSE
Respiratory vs no respiratory comorbidity 1.25 (0.87 - 1.79) 88.91  FALSE
One additional Charlson comorbidity vs zero addi- 1.23 (0.93-1.63) 92.70 FALSE
tional comorbidity

Two plus additional Charlson comorbidity vs zero 1.57 (0.94-2.59) 95.96 TRUE
additional comorbidity

Organ Support vs Monitoring 1.34 (0.98 - 1.82) 96.57 TRUE
Ward Level vs Monitoring 0.99 (0.79 - 1.24) 54.42  FALSE
Hospital duration per increase in admission dura- 1.01 (1-1.03) 97.30 TRUE
tion by one day

Diagnosis incidental finding vs clinical presentation 1.25 (0.73 -2.11) 79.19  FALSE
Diagnosis other/not known vs clinical presentation 0.90 (0.49 - 1.64) 63.64 FALSE
Diagnosis screening vs clinical presentation 0.67 (0.54 - 0.84) 99.98 TRUE
Non-elective admission vs elective admission 1.03 (0.8 - 1.32) 58.40 FALSE
Multiple operations vs single operation 0.91 (0.68 - 1.2) 75.24  FALSE
Female sex vs male 1.15 (0.95 - 1.4) 91.71  FALSE
SIMD Quintile 2 vs 1 0.95 (0.71 - 1.27) 63.50 FALSE
SIMD Quintile 3 vs 1 0.90 (0.68-1.2) 76.24  FALSE
SIMD Quintile 4 vs 1 0.95 (0.72 - 1.27) 62.72  FALSE
SIMD Quintile 5 vs 1 0.95 (0.72 - 1.26) 62.82  FALSE
Surgery-to-chemotherapy interval per increase in 0.94 (0.89 - 1) 98.08 TRUE

interval by one day

Crl - Credible Interval
PD - Probability of Direction

Threshold noted for potential inclusion in subsequent multivariable model > 95%




6.3. Results 220

6.3.4.2 Results of Multivariable Analysis

In multivariable analysis, Elective - Organ Support was likely associated with a clin-
ically meaningful increase in single agent therapy (a decreased intensity of SACT)
(median OR 1.2, 95% Crl 0.83-1.76). The probability of a clinically meaningful in-
crease in single agent therapy was 76%, with a median estimate 20% higher odds. This
estimate allows for 13% probability of no clinically meaningful difference, and 11%

probability of meaningful decrease in single agent therapy (increased SACT intensity).

For Emergency - Organ Support, any association is less clear. Reviewing the graph-
ical distribution of the posterior distribution in Figure 6.7, the distribution appears
centred close to null effect. Tabulating the distribution provides a 54% probability of
meaningful increase in single agent therapy, a 32% probability of meaningful decrease
in single agent therapy, and a 13% probability of no clinically meaningful difference

(median OR 1.08, 95% Crl 0.61-1.91).

Emergency - Ward, was likely associated with a clinically meaningful increase in single
agent therapy (median OR 1.4, 95% Crl 0.8-2.3, 86% probability of clinically mean-
ingful increase); with a median increase in odds of 40%. This estimate had a 6.5%
probability of no clinically meaningful difference, and a 6.9% probability of clinically
meaningful decrease. Elective - Ward Level patients had a distribution of OR for single

agent therapy centred on 1 (OR 0.97, 95% Crl 0.75-1.26).

Full results from the multivariable model ran with uninformative priors are shown in

Figure 6.7 and in Table 6.14.
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A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 6.7: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for receipt of single agent adjuvant chemotherapy (SACT C), from multivariable logistic
regression model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators

Table 6.14: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for receipt of single agent adjuvant chemotherapy (SACT C), from multivariable
logistic regression model using uninformative priors, for the key variables of interest, with
comparator provided beneath

Variable Median Crl PD ROPE Increase Decreas¢ Percentage Of Largest
(%) (%) Effect Explained

Elective: 1.20 (0.83-1.76) 83.04 13.12 75.82 11.06  75.82% chance

Organ Support meaningful increase

vs Elective: Monitoring

Elective: 0.97 (0.75-1.26) 58.31 28.59 28.28 43.13 43.13% chance

Ward Level meaningful reduction

vs Elective: Monitoring

Emergency: 1.08 (0.61-1.91) 60.90 13.15 54.37 32.48 54.37% chance

Organ Support meaningful increase

vs Emergency: Monitoring

Emergency: 1.40 (0.84-2.32) 90.11 6.53 86.54 6.93 86.54% chance

Ward Level meaningful increase

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease




6.3. Results 222

6.3.4.3 Model Validity And Sensitivity

Repeating each model with differing priors (Sceptical, Optimistic, Pessimistic) re-
sulted in similar posterior estimates for each variable, as demonstrated in Figure C.9
(appendix) and Table 6.15. Emergency - Organ Support appeared susceptible to choice
of priors; pessimistic priors for Emergency - Organ Support shifted median estimate
of OR from 1.08 to 0.9. Estimates of model validity and sensitivity are provided in the
appendix, in Table 6.13, where all model chains achieved convergence and ESS was

adequate.

Posterior predictive check for the model is provided in the appendix in Figure C.10
(appendix), where we see good agreement between model predictions and patient

outcomes.

Table 6.15: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for receipt of single agent adjuvant chemotherapy (SACT C), from
multivariable logistic regression models using different prior probability distributions

Facet key provided for variable names and comparators

Variable Uninf' Skep! ASkep® Opt! AOpt’ Pess' APess’
Elective: Organ Support 1.2 1.12  0.09 1.19 0.01 1.04 0.16
Elective: Ward Level 0.97 1 -0.02 1.04 -0.07 0.95 0.02

Emergency: Organ Support 1.08 1.06 0.02 1.26 -0.17 0.9 0.19
Emergency: Ward Level 1.4 1.17 0.23 1.34 0.05 1.01 0.38
I'Median Estimate of Odds From Model

2 Median Estimate of Difference Between Uninformative Priors and Model
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6.3.5 Dose Delay in Adjuvant Chemotherapy (SACT D)

In keeping with other published work on dose delays, a dose delay was considered to
occur when the cycle interval was one week greater than the recommended interval
at any point during therapy, e.g. if a cycle interval was 14 days, an interval of 21
days or greater would be considered a delay (Wonders et al. 2023; Lyman et al. 2003,

2004). Recommended cycle intervals were:

Oral Capecitabine: 21 Days (Haller et al. 2011)
CAPOX: 21 Days (Haller et al. 2011)

5FU: 14 Days (André et al. 2004)

FOLFOX: 14 Days (André et al. 2004)

The overall proportion of patients who experienced dose delays between SACT cycles
was 42% (n = 1,582). There was strong evidence of no difference between subcohorts,
in the proportion of patients experiencing delays during adjuvant SACT (BF < 0.01).
Emergency - Organ Support had the highest proportion of patients experiencing dose
delays (50%). However, this subcohort was small, consisting of 46 patients, 3% of the
overall population receiving SACT. Table 6.16 details differences in proportions of

patients experiencing delays between cycles, between the six subcohorts.

Stratifying subcohorts by the number of delays during each course of SACT, there did
appear to be a difference observed when investigating patients who experienced >2

Delays (BF 9.6) and >3 Delays. The results are detailed in Table 6.17.

Table 6.16: Regime Choice In Adjuvant Chemotherapy

Overall Elective  Elective Elective Emergency Emergency Emergency Bayes Factor
Ward Level Monitoring Organ Support Ward Level ~ Monitoring Organ Support
N=1,582 N=369 N =829 N =107 N =65 N =166 N = 46

Any Dose Delay
FALSE 924 (58%) 230 (62%) 471 (57%) 61 (57%) 41 (63%) 98 (59%) 23 (50%) <0.01
TRUE 658 (42%) 139 (38%) 358 (43%) 46 (43%) 24 (37%) 68 (41%) 23 (50%)
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Table 6.17: Magnitude of Delays Between Cycles of Adjuvant SACT

Overall Elective  Elective Elective Emergency Emergency Emergency Bayes Factor
Ward Level Monitoring Organ Support Ward Level  Monitoring Organ Support
N=1,582 N=369 N =829 N =107 N =65 N =166 N =46
No Delay 924 (58%) 230 (62%) 471 (57%) 61 (57%) 41 (63%) 98 (59%) 23 (50%)
1 Delay 461 (29%) 88 (24%) 254 (31%) 36 (34%) 18 (28%) 52 (31%) 13 (28%) <0.01!
2 Delays 139 (8.8%) 35 (9.5%) 72 (8.7%) 7 (6.5%) 5(7.7%) 12 (7.2%) 8 (17%) 9.67
3 Delays + 58 (3.7%) 16 (4.3%) 32 (3.9%) 3 (2.8%) 1 (1.5%) 4 (2.4%) 2 (4.3%) 5.73

BF Contingency Table Analysis, details of comparison: 1 - No Delay vs Any Delay
2 - <2 Delays vs >2 Delays, 3 - <3 Delays vs >3 Delays

6.3.5.1 Variable Selection - Univariable Analysis

In univariable analysis, only one factor was associated with an altered likelihood of
any dose delays. Receipt of 5FU compared to CAPOX was associated with a reduction
in likelihood of experiencing delays (OR 0.54, 0.34-0.85, PD 99.7%). Results of single

variable analysis are provided in Table 6.18, and in the appendix in Figure C.11
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Table 6.18: Summary of posterior probability distributions of the odds ratio for dose delay in
adjuvant chemotherapy (SACT D), from univariable logistic regression models fitted to each

variable.

Variable median Crl PD (%) PD_great
Age at diagnosis per increase in age by one year 1.00 (0.99 - 1.01) 51.65 FALSE
Diagnosis-to-admission per increase in interval by 1.00 (1-1) 76.59  FALSE
one day

Anatomic Stage High Risk Il vs Stage Ill 0.96 (0.76 - 1.2) 64.86  FALSE
Cardiac vs no cardiac comorbidity 1.19 (0.72 - 1.95) 74.97  FALSE
Dementia vs no dementia 0.95 (0.48 - 1.89) 56.09 FALSE
Diabetes vs no diabetes 1.20 (0.86 - 1.68) 85.67 FALSE
Renal vs no renal comorbidity 0.99 (0.56 - 1.74) 51.05 FALSE
Respiratory vs no respiratory comorbidity 1.31 (0.92 - 1.85) 92.99 FALSE
One additional Charlson comorbidity vs zero addi- 1.11 (0.84 - 1.46) 76.98  FALSE

tional comorbidity

Two plus additional Charlson comorbidity vs zero 1.44 (0.87-2.38) 92.41  FALSE
additional comorbidity

Organ Support vs Monitoring 1.08 (0.79 - 1.47) 69.38  FALSE
Ward Level vs Monitoring 0.82 (0.66 - 1.02) 96.42 TRUE
Duration of hospital stay per increase in admission 1.01 (0.99 -1.02) 80.82 FALSE
duration by one day

Diagnosis incidental finding vs clinical presentation 0.81 (0.47 - 1.38) 77.70  FALSE
Diagnosis other/not known vs clinical presentation 1.27 (0.69 - 2.32) 77.53 FALSE
Diagnosis screening vs clinical presentation 1.12 (0.91 -1.37) 85.74 FALSE
Emergency admission vs elective admission 1.00 (0.78 - 1.27) 51.24  FALSE
Multiple operations vs single operation 0.88 (0.67 - 1.15) 82.39  FALSE
FOLFOX regime vs CAPOX 1.23 (0.91 - 1.67) 91.17  FALSE
5FU regime vs CAPOX 0.54 (0.34 - 0.85) 99.67 TRUE
Capecitabine regime vs CAPOX 1.07 (0.87 -1.32) 72.83 FALSE
Female sex vs male 1.05 (0.87 - 1.27) 68.86  FALSE
SIMD Quintile 2 vs 1 0.92 (0.69 - 1.23) 70.75 FALSE
SIMD Quintile 3 vs 1 1.08 (0.82 - 1.42) 69.65 FALSE
SIMD Quintile 4 vs 1 0.84 (0.63-1.11) 88.91  FALSE
SIMD Quintile 5 vs 1 0.86 (0.65-1.12) 86.44  FALSE
Surgery-to-chemotherapy interval per increase in 1.03 (0.98 - 1.09) 87.22  FALSE

interval by one day

Crl - Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%
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6.3.5.2 Results of Multivariable Analysis

In multivariable analysis, Emergency - Organ Support was more likely than not asso-
ciated with a clinically meaningful increase in delay between doses (Median OR 1.23,
95% Crl 0.75-2.03). The probability of clinical meaningful increase in delays was 73%,
allowing for 15% probability of a meaningful decrease, and 11% probability of no clin-

ically meaningful difference.

The estimates of association between Elective - Organ Support and delays between
doses was centred close to OR 1 (Median OR 1.06, 95% Crl 0.77-1.49), with a 53%
probability of increased delays, 22% probability of no clinically meaningful difference,

and 25% probability of decreased number of delays.

Elective - Ward was more likely than not associated with a reduced odds of dose delays

(Median OR 0.83, 95% Crl 0.66-1.04, 88% probability decreased number delays).

Results from the multivariable model ran with uninformative priors are shown in Fig-

ure 6.8 and Table 6.19.
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Figure 6.8: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for dose delay in adjuvant chemotherapy (SACT D), from multivariable logistic regression
model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence

Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators

Table 6.19: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for dose delay in adjuvant chemotherapy (SACT D), from multivariable logistic
regression model using uninformative priors, for the key variables of interest, with comparator
provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage Of Largest
(%) (%) Effect Explained

Elective: 1.06 (0.77-1.49) 64.42 21.83 53.18 25.00 53.18% chance

Organ Support meaningful increase

vs Elective: Monitoring

Elective: 0.83 (0.66-1.04) 95.00 9.62 1.94 88.44 88.44% chance

Ward Level meaningful reduction

vs Elective: Monitoring

Emergency: 1.23 (0.75-2.03) 79.56 11.41 73.54 15.05 73.54% chance

Organ Support meaningful increase

vs Emergency: Monitoring

Emergency: 0.81 (0.51-1.28) 81.42 11.48 13.53 74.99 74.99% chance

Ward Level meaningful reduction

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -

Percentage of clinically meaningful increase/decrease
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6.3.5.3 Model Validity and Sensitivity

Repeating each model with differing priors (Sceptical, Optimistic, Pessimistic) re-
sulted in similar posterior estimates for each variable, as demonstrated in Table 6.20
and in the appendix in Figure C.12. No choice of prior meaningfully impacted the es-
timated probability of reaching MCID. Estimates of model validity and sensitivity are
provided in the appendix, in Table C.12, where all model chains achieved convergence

and ESS was adequate.

Posterior predictive check for the model is provided in the appendix in Figure C.13,

where we see good agreement between model predictions and patient outcomes.

Table 6.20: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for dose delay in adjuvant chemotherapy (SACT D), from multivariable
logistic regression models using different prior probability distributions
Facet key provided for variable names and comparators

Variable Uninf! Skep' Opt! AOpt?

Elective: Organ Support 1.06 1.06 0.01 1.11 -0.05 1.01 0.06
Elective: Ward Level 0.83 0.85 -0.02 0.88 -0.05 0.82 0.01
Emergency: Organ Support 1.23 1.15 0.09 1.31 -0.08 1 0.23

Emergency: Ward Level 0.81 0.83 -0.02 0.93 -0.12 0.74 0.07
I Median Estimate of Odds From Model
2 Median Estimate of Difference Between Uninformative Priors and Model
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6.3.6 Duration of Adjuvant Chemotherapy in Weeks (SACT E)

The overall cohort median course duration was 15 weeks (3.75 months). There was
strong evidence of no difference in course duration in weeks between the six subco-

horts (BF < 0.01). This is detailed in table 6.21

Table 6.21: Regime Choice In Adjuvant Chemotherapy

Overall Elective  Elective Elective Emergency Emergency Emergency  Bayes Factor
Ward Level Monitoring Organ Support Ward Level  Monitoring Organ Support

N=1,582 N=369 N =829 N =107 N =65 N =166 N = 46
Regime
CAPOX 871 (55%) 199 (54%) 479 (58%) 48 (45%) 33 (51%) 90 (54%) 22 (48%) < 0.01
FOLFOX 161 (10%) 46 (12%) 69 (8.3%) 12 (11%) 9 (14%) 19 (11%) 6 (13%) < 0.01
5FU 54 (3.4%) 19 (5.1%) 12 (1.4%) 10 (9.3%) 3 (4.6%) 9 (5.4%) 1 (2%) < 0.01
Capecitabine 496 (31%) 105 (28%) 269 (32%) 37 (35%) 20 (31%) 48 (29%) 17 (37%) < 0.01

Weeks (median, IQR) 15 (9,21) 15(9,21) 15(9,21) 15 (9,21) 119,21)  15(9,21) 14 (9,21) <0.01

6.3.6.1 Variable Selection - Univariable Analysis

In univariable analysis, the greatest magnitude association with increased course du-
ration was patients receiving Capecitabine in contrast to CAPOX (median OR 2.11,
95% Crl 1.76-2.51). The second greatest magnitude association was patients receiv-
ing their treatment prior to the results of the SCOT trial (median OR 1.82, 95% Crl
1.5-2.22).

Female sex was associated with decreased odds of a longer course (median OR 0.89,
95% Crl 0.76-1.04). Details of the results from single variable models are provided in

Table 6.22 and in the appendix in Figure C.14.
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Table 6.22: Summary of posterior probability distributions of the odds ratio for course
duration of adjuvant chemotherapy (SACT E), from univariable logistic regression models
fitted to each variable.

Variable median Crl PD (%) PD_great

Age at diagnosis per increase in age by one year 1.01 (1-1.02) 96.24 TRUE
Age 40-49 vs age under 40 1.14 ( ) 71.84 FALSE
Age 50-59 vs age under 40 1.09 ( .43) 73.28 FALSE
Age 60-69 vs age under 40 1.06 (0.81 - 1.36) 65.50 FALSE
Age 70-79 vs age under 40 1.28 ( ) 96.53 TRUE
Age 80+ vs age under 40 1.33 ( ) 89.42  FALSE
Diagnosis-to-admission interval per increase in in- 1.00 (1-1) 98.49 TRUE
terval by one day

Anatomic Stage High Risk Il vs Stage llI 1.32 (1.1 - 1.58) 99.91 TRUE
Cardiac vs no cardiac comorbidity 1.24 (0.8 - 1.92) 82.40 FALSE
Dementia vs no dementia 1.05 (0.54 - 2.03) 55.45 FALSE
Diabetes vs no diabetes 1.17 (0.89 - 1.53) 86.16  FALSE
Renal vs no renal comorbidity 0.98 (0.58 - 1.64) 52.68  FALSE
Respiratory vs no respiratory comorbidity 1.01 (0.75-1.36) 52.15  FALSE
One additional Charlson comorbidity vs zero addi- 1.08 (0.87 -1.36) 75.38 FALSE

tional comorbidity

Two plus additional Charlson comorbidity vs zero 1.19 (0.75-1.9) 78.24  FALSE
additional comorbidity

Organ Support vs Monitoring 0.96 (0.74 - 1.23) 62.55 FALSE
Ward Level vs Monitoring 0.91 (0.76 - 1.09) 85.25 FALSE
Duration of hospital stay per increase in admission 1.01 (1-1.02) 90.51  FALSE
duration by one day

Diagnosis incidental finding vs clinical presentation 0.89 (0.54 - 1.46) 68.09 FALSE
Diagnosis other/not known vs clinical presentation 0.97 (0.55-1.69) 54.95 FALSE
Diagnosis screening vs clinical presentation 0.98 (0.83 -1.15) 61.09  FALSE
Emergency admission vs elective admission 0.92 (0.75-1.13) 79.06 FALSE
Multiple operations vs single operation 1.00 (0.8 - 1.25) 50.41  FALSE
Diagnosis pre-SCOT trial results vs post trial publi- 1.82 (1.5 -2.22) 100.00 TRUE
cation

FOLFOX regime vs CAPOX 1.29 (1-1.66) 97.67 TRUE
5FU regime vs CAPOX 0.75 (0.52 - 1.07) 94.73  FALSE
Capecitabine regime vs CAPOX 2.11 (1.76 - 2.51) 100.00 TRUE
Female sex vs male 0.89 (0.76 - 1.04) 93.46  FALSE
SIMD Quintile 2 vs 1 0.96 (0.76 - 1.23) 61.11  FALSE
SIMD Quintile 3 vs 1 0.86 (0.68 - 1.09) 88.62 FALSE
SIMD Quintile 4 vs 1 0.81 (0.64-1.03) 95.89 TRUE
SIMD Quintile 5 vs 1 0.88 (0.7 -1.11)  86.60 FALSE
Surgery-to-chemotherapy interval per increase in 0.97 (0.93-1.01) 90.62 FALSE

interval by one day

Crl - Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%
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6.3.6.2 Results of Multivariable Analysis

In multivariable analysis, Organ Support was about as likely as not to be associated
with any alteration in course length. For both Elective - Organ Support (median OR
0.97, 95% Crl 0.72-1.29) and Emergency - Organ Support (median OR 0.95, 95% Crl
0.68-1.68), posterior estimates of Organ Support’s association with course duration

were centred around no effect.

Results from the multivariable model ran with uninformative priors are shown in Fig-

ure 6.9 and Table 6.23.
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A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 6.9: Multivariable Analysis Results - Posterior probability distribution of the odds ratio
for course duration of adjuvant chemotherapy (SACT E), from multivariable logistic regression
model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates OR 1 (no effect)

Facet key provided for variable names and comparators
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Table 6.23: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for course duration of adjuvant chemotherapy (SACT E), from multivariable
logistic regression model using uninformative priors, for the key variables of interest, with
comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease
(%) (%)
Elective: 0.97 (0.72-1.29) 59.79 26.19 28.08 45.73

Organ Support
vs Elective: Monitoring

Elective: 0.95 (0.78-1.16) 69.29 33.58 16.37 50.05
Ward Level

vs Elective: Monitoring

Emergency: 1.07 (0.68-1.68) 60.83 16.29 52.69 31.02

Organ Support

vs Emergency: Monitoring

Emergency: 0.95 (0.63-1.44) 58.74 18.32 32.66 49.02
Ward Level

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction,
Increase/Decrease - Percentage of clinically meaningful
increase/decrease

6.3.6.3 Model Validity and Sensitivity

Repeating each model with differing priors (Sceptical, Optimistic, Pessimistic) re-
sulted in similar posterior estimates for each variable, as demonstrated in Table 6.24
and in the appendix in Figure C.15. In the case of this analysis, median estimates
appear identical for each choice of prior, although the 95% Crl differ. No choice of
prior meaningfully impacted the estimated probability of reaching MCID. Estimates
of model validity and sensitivity are provided in the appendix, in Table C.12, where

all model chains achieved convergence and ESS was adequate.

Posterior predictive check for the model is provided in the appendix in Figure C.16,

where there was good agreement between model predictions and patient outcomes.
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Table 6.24: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the odds ratio for course duration of adjuvant chemotherapy (SACT E), from multivariable
logistic regression models using different prior probability distributions
Facet key provided for variable names and comparators

Variable Uninf' Skep! ASkep® Opt! AOpt’ Pess' APess’
Elective: Organ Support 0.97 097 O 097 0 097 0
Elective: Ward Level 0.95 095 O 095 0 095 0
Emergency: Organ Support 1.07 1.07 O 1.07 O 1.07 O
Emergency: Ward Level 0.95 095 O 0.95 0 095 O

' Median Estimate of Odds From Model

2 Median Estimate of Difference Between Uninformative Priors and Model

Estimates of model validity and sensitivity are provided in the appendix, section C.6.2

6.3.7 Summary of Results

A visual summary of the association of critical illness (receipt of organ support) with
the odds ratios for our questions of interest is shown below in table 6.25. Cells within
this table are highlighted based on the estimated magnitude of impact, and the esti-
mated probability of this impact. The greatest probability of meaningful difference
(> 98%) is seen when observing that critical illness is associated with delays in com-

mencement of SACT for elective and emergency patients.

Table 6.25: Summary Of Impact of Critical Illness on Questions of Interest (Odds Ratios)
Probabilities rounded to 0.5%, OR rounded to .1

Factor of Interest Estimated Impact: Probability Estimated Impact: Probability
Elective of Emergency of
Meaningful Meaningful
Impact Impact
SACT Receipt 0.9 (0.7-1.2) 66.5% 0.8 (0.5-1.2) 84.0%
Delayed SACT Start 1.5 (1.1-2.1) 98.0% 1.8 (1.1-3.0) 99.0%
Single Agent Therapy 1.2 (0.8-1.8) 76.0% 1.1 (0.6-1.9) 54.0%
Delays Between Cycles 1.1 (0.8-1.5) 53.0% 1.2 (0.8-2.0) 74.0%
Reduced Course Length  0.97 (0.7-1.3) 46% 1.1 (0.7-1.7) 53%
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6.4 Discussion

6.4.1 Critical Illlness and Adjuvant SACT

This chapter aimed to investigate factors that influenced the likelihood of adjuvant
SACT receipt among eligible CRC patients, as well as factors influencing likelihood of:
delays starting adjuvant SACT, single agent therapy rather than dual agent therapy,

delays between planned cycles of SACT, and shorter overall course lengths of SACT.

6.4.1.1 SACT Receipt

In Chapter 5 | noted an association between receipt of organ support and a reduced
likelihood of achieving timely adjuvant chemotherapy. In this chapter | have separated
this into two questions for adult hospital survivors, first do eligible patients receive
adjuvant SACT at all? and second if they do receive it, does it commence within a

sensible timescale?

SACT A investigates the question of patients receiving adjuvant SACT at all. Unad-
justed analysis demonstrated strong evidence of a difference between the six sub-
cohorts in the proportions of eligible survivors receiving adjuvant SACT, with those

receiving Organ Support having the lowest proportions of adjuvant SACT receipt.
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Adjuvant SACT was received by 57% of total eligible patients, comparable to the
results of the meta-analysis by Boakye et al. 2021, where 61% of eligible patients
received adjuvant SACT. The finding that 43% (n = 141) of eligible Elective - Organ
Support survivors, and 35% (n = 59) of Emergency - Organ Support survivors eventually
received adjuvant SACT, is substantially lower than the 69% finding by Camus et al.

2014 in a population of patients with CRC who survived ICU admission.

The population studied by Camus et al. 2014 was small (n = 65 survivors), and the
majority of patients within that population were not being treated with curative
intent. Additionally Camus et al. 2014 did not stratify beyond admission to critical
care. The largest subgroup of critical care admissions in this analysis (Elective Critical
Care - Monitoring), had 61% of patients eventually receive adjuvant SACT, a result

more close to the findings of Camus et al. 2014 and Boakye et al. 2021.

Ultimately the work of this section of the thesis, demonstrates with a larger and more
clearly defined patient population than seen in previous work, that the unadjusted
cohort of patients who experience organ support in critical care, has a smaller propor-
tion of patients who eventually receive adjuvant SACT for CRC, than previous studies

have indicated.

Attempting to investigate the association of organ support receipt in isolation, after
adjustment with multivariable regression, | noted a 79% posterior probability, consid-
ered likely, that Emergency - Organ Support is associated with a clinically meaningful
reduction in odds of adjuvant SACT receipt, with a median estimate of a 20% reduc-
tion in odds. | noted a 67% posterior probability, considered more likely than not
that Elective - Organ Support is associated with a clinically meaningful reduction in
odds, with a median estimate of a 10% reduction. Both of these estimates allowed
for at least 20% probability of Organ Support not being associated with a reduced

odds of SACT receipt; both had estimates of odds ratio that included both practi-
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cal equivalence and even increased likelihood of SACT receipt. The model provided
an estimate of approximately 1 in 6 (16.5%) that Elective - Organ Support patients
had an increased likelihood of SACT receipt, and an estimate of approximately 1 in 8
(12.3%) that Emergency - Organ Support patients had an increased likelihood of SACT
receipt. As such, the likely association between organ support receipt and reduced
subsequent adjuvant SACT should be considered as suggestive but not definitive. As
noted, a limitation is that these regression models have not been structured in a man-
ner that allows for comment on a causal relationship, as they were designed using
univariable screening. In Chapter 8 | attempt to specifically investigate the causal
relationship between receipt of organ support and eventual SACT receipt, and also
use a stricter definition of critical illness (requiring greater than 24 hours of organ
support for inclusion). This stricter definition of critical illness addresses the likely
heterogeneity within the Organ Support subcohorts, where some patients meet any
definition of critical illness, but others likely receive minimal support during their

recovery from surgical resection.

Remaining factors were included in the analysis to allow for adjustment to investi-
gate the association between Organ Support receipt and eventual Adjuvant SACT.
However the associations between other factors and adjuvant SACT receipt remain
useful for interpreting face validity of the dataset. The univariable association be-
tween increasing Age, High Risk Stage Il Disease compared against Stage Il disease,
and increasing comorbidity with decreased eventual SACT receipt, is consistent with
the relationships previously observed by Prasanna et al. 2018, and Boakye et al. 2021.
Additionally SIMD Quintile 5 (most affluent) was associated with a 30% increased like-
lihood of adjuvant SACT receipt (OR 1.3, 1.1-1.6, 99% probability), when compared
to the least affluent quintile in univariable analysis. This univariable estimate for
SIMD cannot be used as a definitive estimate of the association between affluence
and eventual SACT receipt; it does demonstrate that there was a difference between
these particular groups, but does not address why a difference exists. This finding is

in keeping with results seen among an English cohort, where patients from more de-
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prived backgrounds had a lower probability of NICE-recommended treatments (Kells
et al. 2025). Whilst Scottish work has demonstrated a relationship between depriva-
tion and death from colorectal cancer, further work would be required to investigate

the relationship between deprivation and cancer care quality (Lemmon et al. 2024).

6.4.1.2 Delay Starting SACT

In this second analysis, there is strong evidence of difference in the proportions of
patients experiencing delays commencing SACT (BF > 100). Stratifying the magnitude
of the delay, the difference is noted at the 9 - 12 week time interval (BF > 50),
with strong evidence of there being no difference at later time points. There is a
small minority of patients ( 4% of those who eventually receive SACT) whose adjuvant

treatment is delayed greater than 12 weeks.

Organ Support is extremely likely to be associated with delays in commencing adju-
vant SACT. Elective - Organ Support had a median estimate of 50% increased odds
of delay commencing SACT (OR 1.5, 1.1-2.1, 99% probability meaningful increase).
Emergency - Organ Support had a median estimate of 80% increased odds of delay
commencing SACT SACT (OR 1.8, 1.1-2.9, 99% probability). This association remains
after adjustment for hospital length of stay. Whilst this study design can only describe
association, the association between organ support and delay commencing adjuvant

SACT is not explained by increased length of stay in the organ support groups.

For most patients experiencing a delay commencing SACT, this delay appears to be
treatment starting up to 4 weeks later than desired. Whilst it is reassuring that there
is not a large proportion of patients waiting greater than 12 or 16 weeks, the work of
Hanna et al. 2020 has demonstrated that each four week delay starting adjuvant SACT

is associated with increased mortality (Hanna et al. 2020). A limitation of this analysis,
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is this dataset was collected prior to the publication of the findings from Hanna et al.
2020. As such, the majority of treatment beginning between 8 and 12 weeks was in
keeping with Scottish Quality Performance Indicators at the time. A future piece of
work demonstrating whether median time to adjuvant SACT has changed following
the publication of QPI 5.0, may indicate if the pattern of 12 weeks to treatment was

due to clinicians aiming to hit targets, or something more fixed.

6.4.1.3 Relative Intensity of SACT

Across the three proxy measures of adjuvant SACT intensity, Single Agent vs Dual
Agent, Delays Between Cycles, Duration of Therapy, evidence for an association with
Organ Support was weak. In initial unadjusted comparisons, there was evidence of
no difference between subcohorts for each proxy measure, with BF consistently <
0.01. In adjusted multivariable analysis, | observed Elective - Organ Support as likely
associated with Single Agent SACT (75.8% probability of increased odds of single agent
therapy), and Emergency - Organ Support as about as likely as not (54.0% probability).
| observed Emergency - Organ Support as likely associated with Dose Delays during
SACT (73.5% probability of increased odds of delay), and Elective - Organ Support as
about as likely as not (53.2% probability). Neither Organ Support subcohort was likely
to be associated with odds of shorter course lengths of adjuvant SACT. As such, when
there was signal for difference in SACT intensity, the relationship was of Organ Support
being associated with decreased intensity. However no association with decreased

intensity could be considered very likely.

If Organ Support admission does modify SACT intensity, the proxy measures used
above may not be sensitive enough to detect it. Further analysis may be appropri-
ate, considering the work of Nielson et al. 2021 which demonstrated a relationship

between Relative Dose Intensity (RDI) < 80% and decreased survival for patients with
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CRC treated with FOLFOX based chemotherapy regimens. Future work could: validate
measures of RDI for each regimen in the chemocare dataset, investigate relationship
between RDI and overall survival for this cohort, and use causal methods to investi-

gate any relationship between Organ Support and RDI.

Assessing the proxy measures more broadly, the observed association in unadjusted
analyses were in keeping with prior information. High-Risk stage Il disease was asso-
ciated with a greater than 8 times increase in odds of single agent therapy (OR 8.68,
6.6-11.6, 100% probability). Each increase in age by one year was associated with an
11% increased likelihood of single agent therapy (OR 1.11, 1.09-1.13, 100% probabil-
ity). Both of these findings are as expected, considering the recommendations from
McCleary et al. 2013 for this strategy. Similarly the finding of greater odds of single
agent therapy for older patients, is in keeping with the findings of Prasanna et al.

2018 that elderly patients are often offered reduced SACT dose intensity.

Observing the association between treatment before publication of the SCOT trial,
and increased course lengths (median OR 1.8, 95% Crl 1.5-2.2, 100% probability), is
in keeping with the findings of Hanna et al. 2022, where the proportion of patients

receiving course lengths greater than 3 months decreased from 75% to 42%.

6.4.2 Strengths

The work of this chapter captures a cohort of all patients with colorectal cancer

treated with adjuvant SACT in Scotland over a several year window.
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The work in this chapter provides an analysis of a more representative patient pop-
ulation than that undertaken by CRC Quality Performance Indicators. In expanding
the range of ages to all adult patients with no upper limit, | include two populations
excluded by previous versions of QPI, first the small but growing population of adults
aged under 50 with CRC (now included in v5.0), and the large proportion of patients
aged greater than 75 being treated with adjuvant SACT (who continue to be excluded

in v5.0).

Separating the two questions of QPI 11, of timely adjuvant chemotherapy, into ‘any
receipt of adjuvant SACT’, and ‘delays commencing adjuvant SACT’; | demonstrate
a likely association between Organ Support and reduced odds of eventual adjuvant
SACT, and an extremely likely association between Organ Support and delays com-

mencing adjuvant SACT.

As in previous chapters, the use of Bayesian regression models allows both to estimate
the magnitude of the effect of each factor on the question of interest, as well as

providing estimates of certainty in that effect being clinically meaningful.

No previous work provides estimates of the impact of Organ Support on subsequent

adjuvant SACT intensity.

6.4.3 Limitations

The design of the above analyses does not allow for causal inference. As such any
association identified can not be described as the impact of Organ Support on any
measure of SACT. The unrecorded measures, considered likely to be confounders,
such as frailty prior to hospital admission, and decisions of treating clinicians, remain

present here as they did in previous chapters.
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Whilst all patients treated with adjuvant SACT for CRC over a several year window
were included, with some of the subcohorts this still became a small sample size of
less than 100 (46 in Emergency - Organ Support, 65 in Emergency - Ward Level). As a
result, relationships between questions of interest and variables in some groups may

be underpowered to identify a meaningful association.

The limitations of proxy measures for Relative Dose Intensity are discussed earlier in
this discussion. Resulting from these | am unable to comment with any great confi-

dence on how Organ Support may be associated with RDI.

Similarly, whilst delays between cycles, and reduction in course length may reflect
patients experiencing toxicity, a measure of toxicity itself would have been more
meaningful as a patient-centred outcome. The reliance on registry level and pre-
scription information data in this thesis meant that measures of toxicity were not
available. This lack of relevant metrics again highlights one of the key limitations of

relying on routinely collected information.

6.5 Conclusion

In this chapter | demonstrate a likely association between Organ Support and reduced
odds of eventual adjuvant SACT, and an extremely likely association between Organ
Support and delays commencing adjuvant SACT. Clinicians who care for patients with
critical illness post surgical resection, and oncologists caring for these patients with
CRC post critical illness, should be aware that their patients have decreased odds of

receiving subsequent treatments that could improve overall survival.
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The relationship between receipt of timely SACT and overall survival in other popula-
tions is well documented. Future work should aim to establish; if critical illness has a
causal relationship with decreased adjuvant therapy, the mechanisms of any causal
relationship, and if the relationship between reduced timely SACT and reduced over-

all survival is observed amongst survivors of critical illness.

It may be survivors of critical illness should be considered as a population who would
benefit from intervention to increase receipt of subsequent timely SACT. If so, specific
oncology or rehabilitation input post critical illness may be required. Alternatively, it
could be the case that surviving critical illness reduces the likelihood of overall benefit
from commencing adjuvant SACT, due to increased risk of toxicity, or deconditioning.
If so, aiming to increase access to SACT could be burdensome without merit. Both
questions of interest would need to be investigated further before changes to clinical

pathways were recommended.

In the next chapter, Chapter 7, | explore differences in long term survival between

the six subcohorts.



Chapter 7

Survival

7.1 Introduction

Both colorectal cancer (CRC) and critical illness are understood to meaningfully re-
duce patients’ chances of long-term survival. In this chapter | describe long term
survival for hospital survivors with CRC, stratified by level of support received during

hospital admission.

| first describe long term survival for all patients (with all stages) of CRC. In keeping
with previous chapters, | then investigate the association between Organ Support and
long term survival for a more homogenous cohort, those who have undergone surgical

resection and adjuvant chemotherapy for High-Risk Il or Stage Il disease.

243
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7.1.1 Survival from Colorectal Cancer

Survival from cancer can be assessed against a range of measures, each metric provid-
ing slightly different information depending on the outcome of interest. Measures of
survival may be relatively straight forward, such as overall survival, which describes
the number of patients with cancer alive at certain time points following diagnosis.
Alternatively measures can be more nuanced such as (age adjusted) net survival,
which aims to describe the probability of not dying due to cancer (adjusting for age
and deaths from other causes). Other measures such as disease-free survival can be

used, if what is important to measure is both not dying and remaining cancer free.

The European Society for Medical Oncology, in their Magnitude of Clinical Benefit
Scale (ESMO-MCBS), considers the key patient-centred outcome to be overall sur-
vival. They report that measures such as disease-free survival should be considered
important “intermediate” or “surrogate” end-points. For patients with CRC, overall
survival requires 5 years follow up to be considered a mature measure (Cherny et al.

2025).

The Public Health Scotland report, “Cancer Survival In Scotland”, publishes both es-
timates of overall and cancer-specific survival. In the 2015-2019 report, overall five-
year survival for all cancer types combined was 47.8% (47.5 - 48.1) (Public Health
Scotland 2022b). For patients with CRC, five-year overall survival was 46.9% (45.9 -
47.8), similar to the figure for all cancer types. For men five-year survival was 46.4%

(45.1 - 47.6), for women was it 47.4% (46.1 - 48.7) (Public Health Scotland 2022b).
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Five-year cancer-specific survival (net survival, excluding deaths not due to cancer)
was estimated at 60% (57.9 -62.2). (Public Health Scotland 2022b) These cancer-
specific values are similar to English data, where five-year age-standardised survival

from 2016-2020 was reported at 57.6% (57.2-58.1). (NHS Digital 2023)

In the ESMO guidelines for localised colon cancer, they report five-year survival fol-
lowing surgical resection to be 68-83% for patients with Stage Il disease, and 45-65%
for patients with Stage Il disease. They also report adjuvant SACT to provide a 3-4%
absolute reduction in mortality for patients with High-Risk Stage Il disease, single
agent therapy to provide 10-15% absolute reduction in mortality for patients with
Stage Il disease, and an additional 4-5% absolute reduction in mortality following

addition of a second agent (Argilés et al. 2020).

As already discussed in this thesis, both receipt of adjuvant SACT and time to com-
mence adjuvant SACT appear to impact survival. A recently published meta-analysis
reporting that with each four week delay commencing adjuvant chemotherapy, is
associated with an increase in patient mortality, with a hazard ratio of 1.13 (Hanna

et al. 2020).

7.1.2 Critical lllness Survival

Adults admitted to hospital are at an increased risk of death compared with the gen-
eral population. Approximately 35% of adult in-patients are estimated to be in their
last year of life (Cosgrove et al. 2019). For patients admitted to critical care, the
value is similar. A Welsh cohort study of 50,384 patients from 2006-2013 (including
those aged 16 and older, only their first critical care stay during that time period),
reported in-hospital mortality of 15.5%. Of those who survived to hospital discharge,

81.6% survived to one year follow up (Szakmany et al. 2019). As such, of those ad-
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mitted to critical care, 31% of patients had died by the point of one year follow
up. Accounting for age, critical care survivors have excess mortality following hos-
pitalisation when compared to an matched cohort; a 2016 Scottish population study
identified higher five-year mortality among intensive care survivors (32%) when con-
trasted against those who had survived a ward-level hospitalisation (22%) (Lone et al.

2016).

Investigating longer term survival, a French cohort study, with in-hospital mortality
for patients admitted to intensive care of 19%, found hospital survivors’ three-year
survival to be 74.2% (Atramont et al. 2019). This resulted in three-year survival for
patients who experienced critical illness to be 60%, when we consider those who died

in hospital as well as those who died in the three years following discharge.

For longer term survival still, a Canadian cohort study, where in-hospital mortality
for patients admitted to intensive care was 16%, followed survivors for a median of
5 years. Survival over this period was 68% for hospital survivors (Hill et al. 2016).
68% survival for the 84% of patients who survived to hospital discharge, results in a
five-year survival estimate of 57%, a figure comparable to the estimates for cancer-
specific five-year survival for patients with CRC. Another matched cohort study of
Scottish patients, found five-year survival among ICU survivors to be the same as the

Canadian results, with 68% five-year survival (Lone et al. 2016).

Age as a factor is associated with long term survival following critical illness. Strat-
ifying by age in the French cohort study, those aged under 80 who survived hospital
discharge had a three-year survival of 77.5%, whereas those survivors aged 80 and
over had a three-year survival of 55.1% (Atramont et al. 2019) . In the multivari-
able analysis of the Canadian study, Hill and colleagues found that the factor most

associated with increased mortality was increasing age (Hill et al. 2016) .



7.1. Introduction 247
The Canadian study also reported significant burdens amongst survivors; 84% of ICU
survivors re-attended hospital during follow up and 65% were readmitted to hospital.
Of the total cohort of survivors, 25% were readmitted to intensive care during a sub-
sequent hospital stay (Hill et al. 2016). Scottish estimates for readmission to hospital
following critical illness, found 24% of survivors were readmitted to hospital within
90 days of discharge (Lone et al. 2018; Cosgrove et al. 2019). In the Scottish cohort
study, ICU survivors had an estimated mean hospital admission rate of 4.8 admissions
over five years, greater than the matched cohort rate of 3.3 admissions over five

years (Lone et al. 2016).

Previous work has investigated the association between ICU admission and survival
for patients with solid organ cancers. However, the bulk of this literature focuses
on the heterogenous grouping of solid organ cancers, rather than specific cancer
types (Puxty et al. 2014; Zee et al. 2021). Similarly, the majority of the literature
looking at survival following ICU admission for patients with cancer continues for
one year follow up, with a few studies following patients for four years (Puxty et
al. 2014). Currently for patients with CRC and critical illness the long-term outcomes
literature is limited in three key respects: survival is rarely reported at the time point
recommended by ESMO (5 years), CRC is grouped in with other solid organ cancers
with differing prognoses, and critical illness is rarely described beyond admission
to critical/intensive care. In this chapter | aim to address these limitations. Using
subcohorts of patients stratified by nature of admission and level of support during
hospitalisation, | provide additional information beyond the binary of admission to
critical care. Focusing solely on CRC | provide disease specific estimates. Following
patients for five-year overall survival | use the patient centred measure recommended

by ESMO.
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7.2 Method

7.2.1 Data Sources

As described in the methods chapters, the cohort was constructed using national
level registry information of all patients in Scotland diagnosed with CRC from 2013-
2018. Using Scottish Cancer Registry (SMR-06), Scottish Records of Inpatient Admis-
sions (SMR-01), and Scottish Intensive Care Society Audit (SICSAG) information pa-
tients diagnosed with CRC were identified, and assigned to one of the six subcohorts.
Overall survival following cancer diagnosis was determined using the Scottish Mortal-
ity Records. SMR-01, SMR-06, and Scottish Quality Performance Indicators Data (QPI)

provide additional data pertaining to:

 Surgical Resection of CRC - During Hospital Stay

« Anatomic Stage of CRC

» Age of Patient At Diagnosis

« Comorbidities, both named and count (classification as Charlson Comorbidity
Index)

» Duration of Index Hospital Stay

» Method of Cancer Diagnosis

o Number of Operations During Index Hospital Stay

« Sex of Patient

» Scottish Index of Multiple Deprivation (SIMD) Quintile

« Admitting Specialty During Index Admissions

e Overall Aim of CRC Therapy
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In these analyses, the definition of a hospital survivor was a patient who survived both
hospital discharge, and the first thirty days following hospital discharge. Using the
same approach as previous chapters, the key characteristics of hospital admission as-
sessed were: level of support during hospital admission (Ward Level Care, Monitoring
in Critical Care, Organ Support in Critical Care), and the nature of hospital admission

(Elective, Emergency) resulting in the same six sub-cohorts used earlier.

Understanding that both the likelihood and impact of critical illness will differ de-
pending on cancer stage, | also analysed the impact on survival amongst a more uni-
form group of patients. This group of patients have been investigated in Chapter 6:
those who should be experiencing treatment with curative intent with High-Risk Stage
Il or Stage lll disease, who received surgical resection during their index admission,

who subsequently received adjuvant chemotherapy (SACT).

Selecting patients with High-Risk Stage Il and Stage Ill disease who have undergone
surgical resection and adjuvant SACT, ensures the inclusion of only patients considered
both as having ”curable disease”, and who have undergone ”curative treatment”. If
after such filtering, differences in mortality persisted, there may be greater reason

to suspect an impact of critical illness itself on long term survival.

A CONSORT diagram of the patient filtering through the study selection criteria for the
second analysis is shown in Figure 7.1. Filtering was required based on data availabil-
ity, staging, the receipt of surgical resection, and the receipt of adjuvant chemother-
apy. These steps were performed using the same criteria as the Quality Performance
Indicators (QPI) for Colorectal Cancer in Scotland. Additionally for data validity it was
also required: that surgical resection occurred during the index admission (recorded

in SMR-01), and that prescription data from CHEMOCARE was available.
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For this more focused subcohort, whilst some variables were no longer relevant, |

did include other potentially relevant variables such as: delay commencing adjuvant

SACT, any delay during course of adjuvant SACT, and single agent or dual agent ad-

juvant SACT.

Total cohort
(Patients with survival
information recorded)
n = 38,385 patients
Used for main survival analysis

Hospital Survivors with
CRC in QPI dataset
n=13,929

Eligible stage CRC
(high-risk Duke B or Duke C)
n = 5,360

Received surgical resection
(recorded in QPI)
n = 5,256

Eligible for adjuvant therapy
n = 4,408

Resection during index admission
recorded in SMR-01
n = 3,427

Received adjuvant chemotherapy
recorded in QPI
n = 1,946

Final analysis cohort
with prescription data
n=1,582
Used for SACT survival analysis

Excluded:

n = 24,456
(missing from
QPI dataset)

,,,,,,,,,,,,,,,,,,,,,,,

Excluded:
n = 8,569
(ineligible stage)

,,,,,,,,,,,,,,,,,,,,,,,

Excluded:
n = 104
(no resection)

,,,,,,,,,,,,,,,,,,,,,,,

Excluded:
n = 848
(received neoadjuvant/
refused adjuvant)

,,,,,,,,,,,,,,,,,,,,,,,

Excluded:
n = 981

Excluded:
n = 1,481
(no chemotherapy)

Excluded:

n = 364
No prescription
record available

Figure 7.1: CONSORT diagram showing patient selection for main and subgroup survival
analysis
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7.2.2 Survival Analysis

7.2.2.1 Kaplan Meier

The most common form of time to event, or survival, analysis used in clinical studies
would be the use of the Kaplan-Meier method. This accounts for censoring of data,
where event outcome information is unavailable either due to loss of patient to follow
up, or survival beyond the final follow up time period (Altman and Bland 1998). As
terminology: the probability of survival past a certain time point may be called the
survival function, the rate of event occurrence during a period of time may be called
the hazard rate, and the hazard function represents the instantaneous risk of event
occurrence, given the individual has survived up to that time point (Schober and

Vetter 2018).

The Kaplan-Meier method estimates the probability of survival beyond a certain time
period, using conditional probability, where the condition is that the patient was alive
at the start of the time period being assessed. This approach assumes that those
who are censored have the same percentage chance of survival as those who are not
censored (Bland and Altman 1998). To calculate the probability of survival over time
the number of events that occur during an interval is divided by the number of people
at risk at the beginning of the interval. Each interval is set at the unique time point
an event, in our case death occurs. Patients who have been censored do not influence
the number of events, but are subtracted from the number of people at risk (Jager

et al. 2008).

A worked example is provided in Table 7.1
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Table 7.1: Worked Example of Kaplan-Meier Survival Calculation

DEY]Y
Survival KM Cumulative
Day AtRisk Deaths Censoring Probability Calculation Survival
0 100 0 0 1 Starting point 100%
1 100 10 0 1-(10/100) = 0.9 1x0.9=0.9 90%
2 90 10 0 1-(10/90) =0.889 0.9 x0.889 =0.8 80%
3 80 0 10 NA NA 80%
4 70 10 0 1-(10/70) = 0.857 0.8 x 0.857 = 0.686 69%

Such an analysis allows for a representation of survival of a group over time, and can
be stratified to compare subgroups. However it is unable to determine the impact of
multiple factors on survival, and for this a different method such as Cox Proportional

Hazards is often used.

7.2.2.2 Cox Proportional Hazards

Cox Proportional Hazards (Cox PH) regression, separates both the baseline hazard
function for a population, and how each variable (coefficient) adjusts hazard for an
individual (Schober and Vetter 2018; Wang et al. 2019). The mechanism for the Cox
Proportional Hazards model does not estimate the baseline hazard, only the impact
of each coefficient on the hazard. In doing so, Cox PH models allow for the baseline
hazard to vary over time, but make the assumption that the impact of any given
variable is time-independent. That is to say that the impact of a variable has the same
impact on Day 1 that it would on day 100 (Schober and Vetter 2018). This combination
of modelling the impact of coefficients and not modelling the baseline hazard means

that the Cox PH model is referred to as a “semi-parametric” model.

As such hazard for a patient a at time 7 can be represented through:
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/’la(l) = h()(l) X exp(ﬁlxal +ﬁ2xa2 +.. )

7.2.2.3 Bayesian Modelling

Cox PH models are well established in frequentist analysis of survival data, however
their use in Bayesian statistics is less common, with alternative approaches being
taken that allow for direct modelling of the baseline hazard. The Bayesian framework
adopted in this thesis uses R, the probabilistic programming language Stan, and the
popular R package BRMS as an interface from R to compile Stan code. As a result,
commonly used tooling for Bayesian statistics is not feature complete for Cox PH

models (Burkner 2020; Hervas 2017).

Alternative approaches are often taken, such as the use of fully parametric models,
where the baseline hazard function is modelled along with the impact of each co-
variate (Bartos et al. 2022). Recognising that Cox PH models in the BRMS ecosystem
in R would not be able to use standardised tooling for assessing model accuracy, |
initially investigated use of fully parametric models, such as Weibull, gamma, and
log-normal. These were discarded as options due to having poor fit with the dataset:
either through poor predictive accuracy (relating to censoring), or the shape of the

parametric baseline hazard not matching well with the observed data.
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Fortunately a more appropriate technique is available, one that allows modelling of
the baseline hazard for a population in a time varying manner, and also the impact of
model coefficients on the hazard function, in a fully compatible way with commonly
used Bayesian tools. This gives all the advantages of a Bayesian analysis as described
in previous methods chapters, whilst also allowing for predicted survival estimates
and survival curves to be generated, as well as being at it’s heart methodologically

comparable to Cox PH models.

This approach is to use Bayesian Piece-Wise Exponential Additive Mixed Models (PAMMs).

Fundamentally, a PAMM organises survival data into a set number of intervals. For this
analysis, intervals set at 3 months, 6 months, 9 months, 12 months, 2 years, 3 years,
4 years and 5 years were selected. This balanced clinical relevance (increased vari-
ability in hazard during the first year of follow up) against computational intensity
(each additional interval significantly increases size of dataset for analysis). For each
patient it is recorded if they experienced an event during that interval. This allows
the baseline hazard to vary between intervals. The length of each interval is taken
into account as another variable, to allow for differing lengths of intervals. The num-
ber of events during an interval can now be modelled as a Poisson regression model.
In such a regression model, an event during an interval is the outcome variable, and
predictor variables are the variables of interest, as well as the interval length, “off-
set” coefficient. Results from PAMMs are comparable to those provided by Cox PH
analysis (Hervas 2017; Tierens et al. 2019). As seen in previous chapters the use of a
Bayesian framework allows us to accurately quantify uncertainty in our predictions,

as well as assessing the impact of differing priors on model predictions.
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7.2.2.4 ROPE + MCID

As described in previous chapters, thresholds for prior probabilities and minimum
clinically important difference (MCID) need to be set for analysis. Fortunately with
cancer survival the European Society of Medical Oncology have developed and pub-
lished the Magnitude of Clinical Benefit Scale (Cherny et al. 2025). This tool had been
developed to assess the impact of proposed anticancer treatments, to determine if
such treatments have substantial impact on cancer survival and should be promoted

and advocated for as treatment options.

Using the minimum value considered to be a significant impact on survival, the MCID
for can be set for patients, and as such the range for the Region of Practical Equiva-
lence (ROPE). The values considered to be a substantial positive or negative impact on

survival, can be used to centre optimistic and negative priors‘ probability estimates.

ESMO-MCBS considered a median of five-year follow up to be required for patients
with colorectal cancer. For patients with solid organ cancers with curative intent,
they determined three thresholds for treatment: A, B, and C, where A and B were
considered to reflect ”substantial benefit”. ESMO report that treatments meeting
threshold for A or B would ”justify rapid consideration for reimbursement”. Grade A,
would reflect a therapy that provides a 5% or greater improvement in survival gain.
Grade B, reflects a therapy that provides a 3 to 5% improvement in survival gain.
Grade C, would reflect a less than 3% improvement in survival gain (Cherny et al.

2025). As such | set MCID at 3% difference in overall survival at five years.
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Optimistic and pessimistic priors were set to be centred at a 5% difference in overall
survival (either improved or reduced) at 5 years. To calculate the hazard ratio the
following was undertaken: The most recent estimate for baseline 5 years survival in
all patients with colorectal cancer of 46.9% (Public Health Scotland 2022b) was used
to calculate a hazard ratio that would result in a 3% absolute improvement in survival

at five years, of 49.9%.

To estimate such a hazard ratio we can take the following steps:

Baseline Survival at 5 Years: 46.9% (0.469)

3% absolute improvement in Baseline Survival at 5 Years: 49.9% (0.499)

Baseline Hazard Rate (4) Over 5 Years:

— In(survival —1n(0.469
Abaseline = ( 5 ) = <5 ) =0.151 per year

Improved Hazard Rate Over 5 Years:

—1n(0.499
Aimproved = % =0.139 per year

Hazard Ratio:

= = =0.92
)Lbaseline - 111(0.469)/5 - ln(0.469)

Using this approach to convert differences in overall survival to hazard ratio, the
ROPE can be set at 0.92 to 1.09. Using the 5% estimate to centre the optimistic and
pessimistic priors; provided an estimated mean for the optimistic prior at 0.87, and

an estimated mean for the pessimistic prior at 1.15.
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With the second cohort of patients, where baseline survival was 77%, | set ROPE at
0.89 - 1.17, optimistic mean at 1.32, and pessimistic mean at 0.80. As seen above,
to achieve the same difference in absolute survival, with differing levels of baseline

hazard, different hazard ratios were required.

Using the recommendations from Zampieri et al. 2021, as in previous chapters, op-
timistic and pessimistic priors had standard deviations set so that: optimistic priors
allowed for 15% of the prior probability for Hazard Ratio to be 1 or greater. pessimistic

priors allowed for 15% of the prior probability for Hazard Ratio to be 1 or less.

7.2.3 Model Predictions

After confirming model validity, and predictive accuracy, the model can be used to
make predictions of survival. This allows visualisation of the isolated impact of crit-
ical illness and nature of admission on long term survival. In these predictions, a
standardised reference population was sampled from the original dataset, predicted
survival was computed at 30 day intervals. For each individual at each time point,
cumulative survival was calculated from posterior predictions of cumulative hazard.
For each subcohort, mean and 95% credible intervals were calculated for each time

point, to allow stratified survival curves to be plotted.
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7.3 Results: Total Population

7.3.1 Kaplan Meier

Of the total population of patients with CRC who survived their index admission
(38,385), five-year kaplan-meier estimate for overall survival was 52% (95% ClI 52-

53), as shown in Figure 7.2 and Table 7.2.

100% 4
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80% A

Survival (%)
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Years Following Hospital Discharge

Figure 7.2: Kaplan Meier Overall Survival Curve for Total Population of Patients with CRC
Time zero being discharge alive from hospital, survival being overall survival

Table 7.2: Summary of Kaplan Meier estimates for overall survival for patients with CRC
following discharge alive from hospital, including all patients (all stages of disease) discharged
alive

Time At Risk ' Cumulative Events ~Survival (95% Cl)
0 38,385 0 100% (100, 100)

1 29,825 8,084 79% (78, 79)

2 23,803 12,020 68% (68, 69)

3 19,663 14,276 61% (61, 62)

4 16,438 15,831 56% (56, 57)

5 13,701 16,936 52% (52, 53)
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Overall survival was markedly different when stratified by treatment intent, as seen
in Figure 7.3 and Table 7.3. Patients whose treatment intent was recorded as cura-
tive had five-year survival of 71% (95% Cl 70-71), those whose treatment intent was
recorded as non-curative had 9% (95% Cl 8-9). There was a large proportion of patients

with unrecorded treatment intent, whose overall five-year survival was 48% (95% ClI

46-50).
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80% A
70% A
60% -
50% -

40%

Survival (%)

30% A
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10% 4

0% 1

0 1 2 3 4 5
Years Following Hospital Discharge

Curative Non-Curative Not Known
Figure 7.3: Kaplan Meier Overall Survival Curve for Total Population of Patients with CRC,

Stratified by Treatment Intent
Time zero being discharge alive from hospital, survival being overall survival

Table 7.3: Risk Table Summarising Kaplan Meier Overall Survival for Total Population of
Patients with CRC, Stratified by Treatment Intent
Time zero being discharge alive from hospital, survival being overall survival

Curative Non-Curative Not Known

Time At Risk (Cum. Events) Survival (95% Cl) | At Risk (Cum. Events) Survival (95% CI) At Risk (Cum. Events) Survival (95% CI)
0 25,309 (0) 100% (100, 100) 10,460 (0) 100% (100, 100) 2,616 (0) 100% (100, 100)
1 23,483 (1,445) 94% (94, 95) 4,186 (6,189) 41% (40, 42) 2,156 (450) 83% (81, 84)

2 20,014 (3,098) 87% (87, 88) 2,032 (8,098) 22% (21, 22) 1,757 (824) 68% (67, 70)

3 16,962 (4,429) 81% (81, 82) 1,214 (8,786) 14% (13, 15) 1,487 (1,061) 59% (57, 61)

4 14,334 (5,524) 76% (75, 76) 812 (9,089) 10% (10, 11) 1,292 (1,218) 53% (51, 55)

5 11,976 (6,405) 71% (70, 71) 614 (9,208) 9% (8, 9) 1,111 (1,323) 48% (46, 50)

Stratifying by the nature of admission and support during admission, demonstrates dif-
ference in 5 year survival between the six subcohorts, as shown in Figure 7.4. All elec-
tive subcohorts had greater five-year survival than all emergency subcohorts. Among
elective and emergency admissions, patients treated with monitoring in critical care
had the greatest overall survival, followed by those treated with organ support in

critical care, and last were those treated at a ward level.
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Elective patients that received monitoring in critical care had the greatest five-year
survival estimates of 70% (95% Cl 69-71). Elective patients that received organ sup-
port in critical care had five-year survival estimates of 61% (95% Cl 59-63), and those
receiving ward level care had 54% (95% Cl 53-55). Among emergency patients, those
that received monitoring in critical care had five-year survival estimates of 40% (95%
Cl 37-44), with those treated with organ support in critical care had 34% (95% Cl
31-37), and those that received ward level care had 23% (95% Cl 22-24).

Noting that the five-year overall survival estimates for the population of CRC hospital
survivors of 52%, was greater than the most recently published Scottish estimates of
46.9% (Public Health Scotland 2022b), As a validation check, an adjusted estimate of
mortality taking hospital mortality into account was undertaken. With the observed
hospital mortality of 12% for all patients, a 52% estimated five year overall survival for
hospital survivors, becomes 46% estimated overall survival for all patients admitted
to hospital. Adjusted five year mortality rates for all hospital admission subcohorts

are provided in the Appendix in Table D.15.
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100% 100% A
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0% - 0%
0 1 2 3 4 5 0 1 2 3 4 5
Years Following Discharge Years Following Discharge
Crit Care - No Organ Support No Critical Care Crit Care - Organ Support
Crit Care - No Organ Support Crit Care - No Organ Support
At Risk 14524 13344 11421 9768 8296 6966 AtRisk 3156 2312 1745 1378 1105 902
Events 0 989 2018 2804 3420 3901 Events 0 810 1247 1503 1671 1779
Survival (%) 100% 93% 86% 80% 74% 70% Survival (%) 100% 74% 60% 51% 44% 40%
Cl (%) 100-100 93-94 85-86 79-80 74-75 69-71 Cl (%) 100-100 73-76 58-62 49-53 43-46 38-42
No Critical Care No Critical Care
At Risk 9606 7557 5998 4955 4184 3540 AtRisk 7836 3861 2465 1830 1472 1205
Events 0 1917 2918 3463 3834 4091 Events 0 3897 5020 5453 5677 5812
Survival (%) 100% 80% 69% 62% 58% 54% Survival (%) 100% 50% 35% 29% 25% 23%
Cl (%) 100-100 79-81 68-70 61-63 57-59 53-55 Cl (%) 100-100 49-51 34-36 28-30 24-26 22-24
Crit Care - Organ Support Crit Care - Organ Support
At Risk 2338 2075 1694 1372 1113 892 AtRisk 925 676 480 360 268 196
Events 0 228 431 594 712 796 Events 0 243 386 459 517 557
Survival (%) 100% 90% 81% 73% 66% 61% Survival (%) 100% 74% 58% 48% 40% 34%
Cl (%) 100-100 89-91 79-83 71-75 64-68 59-63 Cl (%) 100-100 71-77 54-61 45-52 37-44 31-37

Figure 7.4: Kaplan Meier Plot and Risk Table - Five-Year Overall Survival For Patients With CRC - Stratified by nature of hospital admission and
level of support during admission - Risk table provides counts of number at risk and events, as well as probability estimates and 95% confidence
intervals for survival
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7.3.2 Univariable Analysis

To identify appropriate variables for multivariable analysis, a series of univariable
models of overall survival to five years follow up were constructed. Results of these
models are shown in Figure 7.5 and Table 7.4. The same methodology of variable
screening was used as seen in previous chapters, where variables with a PD > 95%

were included in the final model.

Of the single variable models, the following were included in the multivariable anal-

ysis:

» Age Decade - Grouped (Factor)

« Surgical Resection of Colorectal Cancer During Admission (Logical)
» Count of Charlson Comorbidities (Factor)

» Level of Support During Hospital Stay (Factor)

» Duration of Hospital Stay Weeks - Grouped (Factor)

» Method of Cancer Detection (Factor)

» Nature of Admission (Factor)

« Number of Operations During Admission (Factor)

« SIMD Quintile (Factor)

 Surgical Admission (Logical)

« Treatment Objectives (Factor)

Of the variables which reached the threshold for probability of direction but were
not included: Age was included as a grouped variable rather than numeric, due to an
observed non-linear relationship between age and likelihood of death. Comorbidities
were included in the grouped “comorbidity count” variable rather than individual
named comorbidities, for model brevity. Anatomic stage and metastatic disease were

both excluded, due to large amounts of missing data within each variable.
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Whilst performed for initial variable screening, univariable analysis does allow for
some comment on any unadjusted association with hazard. The following is included
for illustration of some aspects within the cohort, but does not attempt to state any

association with certainty, as | report on unadjusted analyses.

Therapy with non curative or palliative intent, when compared against those treated
with curative intent, provided a median hazard ratio of 9.38 (95% Crl 8.78-9.99).
Diagnosis following Screening Examination when compared against those diagnosed
following clinical presentation, provided a median hazard ratio of 0.3 (95% Crl 0.26-
0.34) Increasing age appeared associated with increasing hazard (median HR 1.4, 95%
Crl 1.37-1.44), as did the presence of multiple comorbidities (median HR 2.17 95% Crl
1.95-2.4). Increasing affluence appeared associated with decreasing hazard, when
the most affluent quintile (SIMD 5) was compared against the most deprived (SIMD 1)
(median HR 0.79, 95% Crl 0.71-0.87).

Of note, age appeared to have a non-linear relationship with hazard of mortality.
Whilst in general, increasing age was associated with increased hazard, the youngest
cohort (< 40) had a similar hazard of mortality to those aged 60-69 (univariable median
HR 1.04, 95% Crl 0.87-1.22). For all other bracketed age cohorts, those younger than

60-69 had reduced hazard, and those older had increased hazard.
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Table 7.4: Summary of posterior probability distributions of the hazard ratio for five-year
overall survival (total cohort), from univariable survival models fitted to each variable.

Variable Median Crl PD (%) Threshold
Reached

Age at diagnosis per increase in age by one decade 1.40 (1.37 - 1.44) 100.00 TRUE
Age <40 vs age 60-69 1.04 (0.87 - 1.22) 66.02 FALSE
Age 40-49 vs age 60-69 0.54 (0.37 -0.77) 99.99 TRUE
Age 50-59 vs age 60-69 0.84 (0.75-0.95) 99.84 TRUE
Age 70-79 vs age 60-69 1.40 (1.29 - 1.53) 100.00 TRUE
Age 80+ vs age 60-69 2.59 (2.38 - 2.82) 100.00 TRUE
No curative resection in admission vs curative re- 3.24 (3.05-3.44) 100.00 TRUE
section

Anatomic Stage | vs Stage 0 0.14 (0.09 - 0.2) 100.00 TRUE
Anatomic Stage IIA vs Stage 0 0.17 (0.12 - 0.24) 100.00 TRUE
Anatomic Stage IIB vs Stage 0 0.26 (0.17 - 0.4) 100.00 TRUE
Anatomic Stage IlIA vs Stage 0 0.24 (0.14 - 0.39) 100.00 TRUE
Anatomic Stage IIIB vs Stage 0 0.30 (0.21 - 0.42) 100.00 TRUE
Anatomic Stage IIIC vs Stage 0 0.54 (0.38-0.78) 99.92 TRUE
Anatomic Stage IVA vs Stage 0 2.08 (1.52 - 2.91) 100.00 TRUE
Anatomic Stage IVB vs Stage 0 1.99 (0.93-3.79) 96.04 TRUE
Anatomic Stage IVC vs Stage 0 3.76 (1.87-7.09) 99.98 TRUE
Cardiac vs no cardiac comorbidity 1.82 (1.66 - 2) 100.00 TRUE
Dementia vs no dementia 3.17 (2.61 - 3.82) 100.00 TRUE
Diabetes vs no diabetes 1.37 (1.25 - 1.5) 100.00 TRUE
Renal vs no renal comorbidity 1.81 (1.59 - 2.04) 100.00 TRUE
Respiratory vs no respiratory comorbidity 1.51 (1.38 - 1.65) 100.00 TRUE
One additional Charlson comorbidity vs zero addi- 1.53 (1.43 - 1.64) 100.00 TRUE

tional comorbidity
Two plus additional Charlson comorbidity vs zero 2.17 (1.95 - 2.4) 100.00 TRUE
additional comorbidity

Organ Support vs Monitoring 1.41 (1.25-1.58) 100.00 TRUE
Ward Level vs Monitoring 2.44 (2.29 - 2.61) 100.00 TRUE
Admission duration 2-3 weeks vs <1 week 0.66 (0.61 -0.71) 100.00 TRUE
Admission duration 3-4 weeks vs <1 week 0.97 (0.89 - 1.06) 71.97  FALSE
Admission duration 4+ weeks vs <1 week 1.52 (1.4 - 1.65) 100.00 TRUE
Known metastatic disease vs no known metastatic 2.51 (2.35-2.67) 100.00 TRUE
disease

Diagnosis incidental finding vs clinical presentation 1.07 (0.88 - 1.27) 76.01  FALSE
Diagnosis other vs clinical presentation 0.72 (0.51-0.99) 98.04 TRUE

Diagnosis screening examination vs clinical presen- 0.30 (0.26 - 0.34) 100.00 TRUE
tation

Non-elective admission vs elective admission 3.27 (3.08 - 3.48) 100.00 TRUE
Multiple operations vs one operation 1.05 (0.93-1.17) 79.16  FALSE
No operations vs one operation 3.56 (3.35-3.79) 100.00 TRUE
Female sex vs male 0.99 (0.93 - 1.05) 61.66 FALSE
SIMD Quintile 2 vs 1 0.86 (0.78 - 0.94) 99.92 TRUE
SIMD Quintile 3 vs 1 0.85 (0.78 - 0.94) 100.00 TRUE
SIMD Quintile 4 vs 1 0.82 (0.75-0.9) 99.98 TRUE
SIMD Quintile 5 vs 1 0.79 (0.71 - 0.87) 100.00 TRUE
Surgical admission vs medical admission 0.27 (0.25-0.29) 100.00 TRUE
Non curative / palliative intent vs curative intent  9.38 (8.78-9.99) 100.00 TRUE
Therapy intent not known vs curative intent 2.12 (1.88 - 2.38) 100.00 TRUE

Crl - Credible Interval
PD - Probability of Direction
Threshold noted for potential inclusion in subsequent multivariable model > 95%
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Figure 7.5: Posterior probability distributions of the hazard ratio for five-year overall survival (total cohort), from univariable survival models fitted
to each variable. Vertical line at HR 1 (no effect). Facet key provides title and comparator for each variable
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7.3.3 Multivariable Analysis

Results from the multivariable model are shown in Figure 7.6 and Table 7.5. Esti-
mates for the other variables included in the model are included in the Appendix in

Table D.16

For elective admissions who have survived hospitalisation, it was extremely likely that
Organ Support (when contrasted against Monitoring in Critical Care) is associated with
increased hazard of mortality (median HR 1.19, 95% Crl 1.1-1.28). The probability of
clinically meaningful increase in hazard of mortality was 98.76%, probability of no

meaningful change combined with probability of decreased hazard was 1.23%.

For emergency admissions who have survived hospitalisation, it was virtually certain
that emergency admission is associated with increased hazard of mortality (median
HR 1.73, 95% Crl 1.63-1.83), and it was extremely unlikely that Emergency - Organ
Support is associated with any further reduction in survival beyond emergency admis-

sion alone (median HR 1, 95% Crl 0.91-1.1).

The probability of clinically meaningful increase in hazard of mortality for emergency
admissions was estimated at >99.5%, whereas the probability of clinically meaningful
increase in hazard of mortality for Emergency - Organ Support was estimated at 3.2%

(with estimated probability of no meaningful difference at 91.66%).

Investigating any association between Ward Level treatment and long term survival
produced similar pattern of estimates. Elective - Ward Level contrasted against Elec-
tive - Monitoring was extremely likely to be associated with increased hazard of mor-

tality (median HR 1.21 95% Crl 1.15-1.27), with an estimated probability of meaningful
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increase in hazard of > 99.5%. Emergency - Ward Level was extremely unlikely to be
associated with a further increase in hazard of mortality (median HR 0.95 95% Crl 0.9-
1.01), with an estimated probability of ho meaningful difference in hazard of 87.5%
and probability of increased hazard of 0%.
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Figure 7.6: Multivariable Analysis Results - Posterior probability distribution of the hazard
ratio for five-year overall survival (total cohort), from multivariable survival model using
uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates HR 1 (no effect)

Facet key provided for variable names and comparators

Table 7.5: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival (total cohort), from multivariable survival model
using uninformative priors, for the key variables of interest, with comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage Of

(%) (%) Largest Effect
Elective: 1.19 (1.1 -1.28) 100.0C 1.23 98.76 0.00 98.76% chance mean-
Organ Support ingful increase
vs Elective: Monitoring
Elective: 1.21 (1.15-1.27) 100.0C 0.00 100.00 0.00 100% chance mean-
Ward Level ingful increase
vs Elective: Monitoring
Emergency: 1.00 (0.91 - 1.1) 51.93 91.66 3.20 5.14 91.66% chance ROPE

Organ Support

vs Emergency: Monitoring

Emergency: 0.95 (0.9-1.01) 94.24 87.53 0.00 12.47 87.53% change ROPE
Ward Level

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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7.3.4 Sensitivity Analysis, Model Validation, and Posterior Predic-

tive Check

For the question of impact of critical illness on long term survival, no model priors
meaningfully changed the estimates of hazard ratio. Differences in posterior esti-
mates of median hazard ratio ranged from 0.01 to 0.03 for elective patients, and

from -0.01 to -0.04 for emergency patients.

Sensitivity analysis of model priors was performed, as shown in Figure 7.7 and Ta-

ble 7.6

A B C

A A A

1.0 1.1 1.2 1.3 1.4 1.0 11 1.2 13 0.8 0.9 1.0 11 1.2 1.3 0.9 1.0 1.1

Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 7.7: Sensitivity Analysis - Comparisons of posterior probability distribution of the
hazard ratio for five-year overall survival (total cohort), from multivariable survival models
using different prior probability distributions
Facet key provided for variable names and comparators
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Variable
Elective: 1.19 1.18 0.01 1.16 0.03 1.16 0.03
Organ  Sup- (1.1 - (1.09 - (-0.11 - (1.08 - (-0.09 - (1.08 - (-0.09
port 1.28) 1.27) 0.14) 1.25) 0.16) 1.25) 0.15)
Elective: 1.21 1.2 0.01 1.18 0.02 1.19 0.01
Ward (1.15 - (1.14 - (-0.08 - (1.13 - (-0.06 - (1.14 - (-0.07
1.27) 1.26) 0.09) 1.24) 0.1) 1.25) 0.09)
Emergency: 1 1.01 -0.01 1.01 -0.01 1.05 -0.05
Organ Sup- (0.91 - (0.92 - (-0.14 - (0.92 - (-0.15 - (0.96 - (-0.18
port 1.1) 1.11) 0.12) 1.11) 0.12) 1.14) 0.08)
Emergency:  0.95 0.96 -0.01 0.97 -0.02 0.98 -0.03
Ward (0.9 - (0.91 - (-0.09 - (0.92 - (-0.1 - (0.93 - (-0.11
1.01) 1.02) 0.07) 1.03) 0.06) 1.04) 0.05)
I'Median Estimate of Hazard Ratio From Model
2 Median Estimate of Difference Between Uninformative Priors and Model

Table 7.6: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the hazard ratio for five-year overall survival (total cohort), from multivariable survival
models (PAMM) using different prior probability distributions
Facet key provided for variable names and comparators

Assessing convergence of the model in table D.17 there were good measures of model
validity, with all values for R being less than 1.01, and all Effective Sample Size (ESS)
being greater than 15000 (where Gelman and colleagues recommend a minimum of
400) (Vehtari et al. 2021). The posterior predictive check of the model, shown in the
Appendix in Figure D.17, demonstrates predicted values overlap well with the actual
observed values (to the point where on the figure predicted values (y,.,)are obscured

by observed values (y)).

7.3.5 Multivariable Model Predicted Survival

As noted in Methods, use of PAMMs for survival analysis allows for sampling from the
posterior distribution, and generation of predictions of long term survival. Predicted
survival is shown in Figure 7.8, where a reference population was randomly sampled
from the original dataset, adjusting for differences between subcohorts such as age,

comorbidity, stage of disease, and treatment intent.
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There is an observed mean difference of 4% in predicted survival at five years between
Elective - Monitoring and Elective - Organ Support. The multivariable model predicted
five year survival estimates for Elective - Monitoring (the reference group for elective
patients) at 59% (95% Crl 58-60). Elective - Organ Support had predicted worse survival
at 55% (95% Crl 54-55).

All emergency subcohorts had similarly poor survival to one another, with mean pre-
dicted five-year survival of 17-18%, with 95% credible intervals falling in the range of

16 to 18.
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7.4 Results: Survival in Eligible Patients Treated with

Adjuvant SACT

7.4.1 Kaplan Meier

Assessing the more homogenous population of the 1,582 patients with High Risk Stage
Il or Stage Il disease, who received surgical resection of their CRC, and subsequently
received adjuvant SACT, five-year survival following hospital discharge was 77% (95%
ClI 75-80), as shown in Figure 7.9 and Table 7.7. This absolute survival is 25% higher
than the 52% (95% ClI 52-53) seen among the total population of patients with CRC.

100%

90%

80%

70% A

60%

50%

Survival (%)

40%

30%

20%

10%

0% -

0 1 2 3 a 5
Years Following Hospital Discharge
Figure 7.9: Kaplan Meier Overall Survival Curve for patients with High Risk II or Stage III
CRC Who Received Adjuvant SACT Following Curative Resection
Time zero being discharge alive from hospital, survival being overall survival
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Table 7.7: Summary of Kaplan Meier Overall Survival estimates for patients with High Risk II
or Stage III CRC Who Received Adjuvant SACT Following Curative Resection
Time zero being discharge alive from hospital, survival being overall survival

Time At Risk ' Cumulative Events Survival (95% Cl)
0 1582 0 100% (100,100)

1 1542 40 97% (97,98)

2 1212 105 93% (92,94)

3 840 179 87% (85,88)

4 535 220 82% (79,84)

5 277 241 77% (75,80)

Assessing differences in survival by subcohort, as shown in Figure 7.10 this analysis
suffers from the small number of patients remaining at risk throughout follow up.
Similar trends in survival are seen to the subcohort analysis of the total population,
where all elective subcohorts had greater mean estimates for five-year survival than

all emergency subcohorts.

Elective - Monitoring, had five-year survival of 82% (95% Cl 79-86). Elective - Organ
Support, had lower five year survival of 77% (95% Cl 67-88) In a similar pattern Emer-
gency - Monitoring, had five-year survival of 65% (95% ClI 57-75); Emergency - Organ
Support, had lower five year survival of 47% (95% Cl 30-75)

Whilst there were differences in mean estimates of survival between Organ Support
and No Organ Support in critical care for both elective and emergency admissions. At
each year of follow up, confidence intervals between Organ Support and Monitoring
overlapped. This appears due to both the small size within each subcohorts, and
the large amount of patient censoring. Censoring within this analysis was high, at
five years ranging from 55-73% of each subcohort. This was a greater issue than in
the analysis of the total cohort (where five year censoring ranged from 10-28% of
each subcohort) as inclusion criteria relied on more recent data provided by QPI and

chemocare, and as such was less likely to have full five-year follow up.
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events, as well as probability estimates and 95% confidence intervals for survival

Figure 7.10: Kaplan Meier Plot and Risk Table - Five-Year Overall Survival For Patients With High Risk Stage II and Stage III CRC Treated With
Adjuvant SACT - Stratified by nature of hospital admission and level of support during admission - Risk table provides counts of number at risk and
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7.4.2 Univariable Analysis

275

For this second analysis, a separate set of univariable survival models were con-

structed, where, as before a preset threshold of probability of direction was used

to determine inclusion in multivariable analysis. Results of these models are shown

in figure 7.11 and table 7.8.

Table 7.8: Summary of posterior probability distributions of the hazard ratio for five-year
overall survival among patients who received adjuvant SACT, from univariable survival models

fitted to each variable.

Variable Median Crl PD (%) Threshold
Reached
Age <40 vs age 60-69 0.92 (0.48 - 1.62) 60.80 FALSE
Age 40-49 vs age 60-69 0.81 (0.28 - 1.86) 67.14  FALSE
Age 50-59 vs age 60-69 0.99 (0.68 - 1.39) 53.28 FALSE
Age 70-79 vs age 60-69 1.60 (1.18 - 2.18) 99.92 TRUE
Age 80+ vs age 60-69 1.75 (0.73 - 3.51) 90.48 FALSE
Anatomic Stage High Risk Il vs Anatomic Stage llI 0.54 (0.37 - 0.77) 99.98 TRUE
Delay during chemotherapy vs no delay 1.72 (1.29 - 2.29) 99.99 TRUE
Cardiac vs no cardiac comorbidity 1.38 (0.58 - 2.74) 77.87  FALSE
Diabetes vs no diabetes 1.37 (0.88 - 2.06) 92.07  FALSE
Renal vs no renal comorbidity 2.33 (0.89 - 4.87) 96.05 TRUE
Respiratory vs no respiratory comorbidity 1.06 (0.61 - 1.68) 58.07 FALSE
One additional Charlson comorbidity vs zero addi- 1.20 (0.84 - 1.69) 83.87 FALSE
tional comorbidity
Two plus additional Charlson comorbidity vs zero 1.92 (0.86 - 3.66) 94.84  FALSE
additional comorbidity
Delay commencing chemotherapy vs no delay com- 1.37 (1.04 - 1.81) 98.59 TRUE
mencing
Organ Support vs Monitoring 1.40 (0.94-2.02) 95.06 TRUE
Ward Level vs Monitoring 1.11 (0.83-1.47) 76.22  FALSE
Admission duration 2-3 weeks vs <1 week 1.21 (0.9-1.63) 89.74 FALSE
Admission duration 3-4 weeks vs <1 week 1.62 (1.08 - 2.36) 99.06 TRUE
Admission duration 4+ weeks vs <1 week 2.48 (1.58 - 3.78) 99.99 TRUE
Non-elective admission vs elective admission 2.51 (1.91 - 3.3) 100.00 TRUE
Multiple operations vs single operation 1.04 (0.72 - 1.49) 58.58  FALSE
Single agent therapy vs dual agent therapy 1.02 (0.78 - 1.32) 55.38 FALSE
Screening diagnosis vs non-screening diagnosis 0.64 (0.47 - 0.85) 99.95 TRUE
Female sex vs male 1.26 (0.97 - 1.62) 95.92 TRUE
SIMD Quintile 2 vs 1 0.84 (0.54 - 1.28) 79.31  FALSE
SIMD Quintile 3 vs 1 1.04 (0.71 - 1.55) 58.83  FALSE
SIMD Quintile 4 vs 1 0.84 (0.56 - 1.27) 79.11  FALSE
SIMD Quintile 5 vs 1 0.90 (0.61 - 1.35) 69.06 FALSE

Crl - Credible Interval
PD - Probability of Direction

Threshold noted for potential inclusion in subsequent multivariable model > 95%
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Figure 7.11: Posterior probability distributions of the hazard ratio for five-year overall survival among patients who received adjuvant SACT, from
univariable survival models fitted to each variable. Vertical line at HR 1 (no effect). Facet key provides title and comparator for each variable
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The following variables reached the preset threshold for probability of direction and

were included in the multivariable model.

» Nature of Admission (Factor)

» Level of Support During Hospital Stay (Factor)

o Age Decade - Grouped (Factor)

» Duke Stage (High-Risk B or Stage C) (Factor)

» Delay During Receipt of Adjuvant SACT (Logical)

» Presence of Renal Disease - Charlson (Logical)

» Delay Commencing Adjuvant SACT (Logical)

» Duration of Hospital Stay Weeks - Grouped (Factor)

» Diagnosis Made Following Screening Examination (Logical)

e Sex

As variables “Presence of Dementia” and “Method of Diagnosis” contained levels with
no events occurring, they were not included in the multivariable model. Method of
Diagnosis was reshaped into the logical variable “Diagnosis Made Following Screening

Examination”, which was included in the final model.

7.4.3 Multivariable Analysis

In multivariable analysis, Elective - Organ Support was unlikely to be associated with
either increased or decreased hazard of mortality, with a central estimate of hazard
that centred on no effect (median HR 1.02, 95% Crl 0.67-1.53). The probability of
clinically meaningful increase in hazard was 28.4%, the probability of decrease was

19.3%, the probability of ROPE was 52.3%.
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It was virtually certain that emergency admission remained associated with increased
hazard of mortality (median HR 1.8, 95% Crl 1.3-2.5) The probability of clinically
meaningful increase in hazard of mortality was 99.5%. It was unlikely that Emergency
- Organ Support was associated with increase or decreased hazard of mortality, with a

central estimate of hazard that centred on no effect (median HR 1, 95% Crl 0.57-2.72).

The only subcohort of nature of admission and support during admission that appeared
likely to be associated with hazard of long term mortality, was Emergency - Ward
(contrasted against Emergency - Monitoring). This subcohort had a 94.5% probability

of clinically meaningful increase in hazard (median HR 1.71 (1.05 - 2.72).

Results from the multivariable model using uninformative priors are shown in figure

7.12 and table 7.9.

15 1.0

0.5
0.5 0.25

0.0 0.0 0.0 0.00 /

Elective: Organ Support (vs Elective: Monitoring)
Elective: Ward Level (vs Elective: Monitoring)
Emergency: Organ Support (vs Emergency: Monitoring)
Emergency: Ward Level (vs Emergency: Monitoring)

ONw>»

Figure 7.12: Multivariable Analysis Results - Posterior probability distribution of the hazard
ratio for five-year overall survival among patients who received adjuvant SACT, from
multivariable survival model using uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates HR 1 (no effect)

Facet key provided for variable names and comparators
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Table 7.9: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival among patients who received adjuvant SACT,
from multivariable survival model using uninformative priors, for the key variables of interest,
with comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage Of

(%) (%) Largest Effect
Elective: 1.02 (0.67 - 1.53) 53.98 52.30 28.39 19.31 28.39% chance mean-
Organ Support ingful increase
vs Elective: Monitoring
Elective: 1.10 (0.81-1.5)  73.03 54.82 39.97 5.22 39.97% chance mean-
Ward Level ingful increase
vs Elective: Monitoring
Emergency: 1.00 (0.57 - 1.69) 50.60 41.47 31.08 27.45 31% chance meaning-
Organ Support ful increase
vs Emergency: Monitoring
Emergency: 1.71 (1.05-2.72) 98.44 5.27 94.50 0.23 94.5% chance mean-
Ward Level ingful increase

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease

7.4.4 Sensitivity Analysis, Model Validation, and Posterior Predic-

tive Check

Through sensitivity analysis, this multivariable model based on groups with small sam-
ples sizes, was demonstrated to be particularly susceptible to changes in model pri-
ors. For both Elective and Emergency Organ Support, optimistic priors resulted in
central estimates of hazard ratio associated with increased survival, pessimistic pri-
ors resulted in central estimates of hazard ratio estimates associated with increased
mortality. Sensitivity analysis using different model priors is shown in Figure 7.13 and

Table 7.10.

Emergency - Ward was the level most resilient to choice of priors, where all four
prior choices still resulted in posterior median estimates for hazard ratio of increased

mortality (> 1.17, the threshold chosen for exceeding ROPE).
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A B C D
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A Elective: Organ Support (vs Elective: Monitoring)
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D Emergency: Ward Level (vs Emergency: Monitoring)

Figure 7.13: Sensitivity Analysis - Comparisons of posterior probability distribution of the
hazard ratio for five-year overall survival among patients who received adjuvant SACT, from
multivariable survival models using different prior probability distributions
Facet key provided for variable names and comparators

Variable

Elective:Organ Support 1.02 (0.67 - 1.53) 1.03 (0.76 - 1.39) -0.01 (-0.52 - 0.57) 0.95 (0.67 - 1.34) 0.07 (-0.45 - 0.66) 1.11 (0.81 - 1.52) -0.09 (-0.63 - 0.5)
Elective:Ward 1.1 (0.81-1.5) 1.1 (0.85-1.41) 0.01(-0.43-0.47) 1.01(0.76 - 1.32) 0.1(-0.33-0.56) 1.21 (0.92 - 1.57) -0.1 (-0.57 - 0.39)
Emergency:Organ Support 1 (0.57 - 1.69) 1.07 (0.7 - 1.62)  -0.07 (-0.76 - 0.72) 0.84 (0.52 - 1.34) 0.16 (-0.49 - 0.92) 1.29 (0.84 - 1.98) -0.29 (-1.09 - 0.54)
Emergency:Ward 1.71 (1.05 - 2.72) 1.46 (0.98 - 2.14) 0.24 (-0.69 - 1.34) 1.25(0.8-1.91) 0.45(-0.48 - 1.56) 1.82 (1.22 - 2.69) -0.12 (-1.21 - 1.05)

! Median Estimate of Hazard Ratio From Model
2 Median Estimate of Difference Between Uninformative Priors and Model

Table 7.10: Sensitivity Analysis - Summary of comparisons of posterior probability distribution
of the hazard ratio for five-year overall survival among patients who received adjuvant SACT,
from multivariable survival models using different prior probability distributions
Facet key provided for variable names and comparators

Model convergence was assessed, as shown in Appendix Table D.19. This demonstrated
good measures of convergence with all values for R being less than 1.01, and all values

for effective sample size (ESS) being greater than 20,000.

Assessing the posterior predictive check of the model, shown in Appendix Figure D.18,

we see predicted values overlap well with actual observed values.
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7.4.5 Multivariable Model Predicted Survival

Using the same methods as predictive models for the total cohort, the multivariable
model using uninformative priors was used to make predictions for survival, stratified
by nature of admission and level of support during hospital stay, for patients who

received adjuvant SACT. The results of these predictions are shown in figure 7.14.

As already indicated by the small proportion of posterior estimates exceeding the
region of practical equivalence, in the multivariable model of figure 7.12, there is
no difference between the predicted survival of patients receiving organ support in

critical care, when compared to those receiving monitoring in critical care.

Emergency: Ward Level patients have a mean estimate (44%, 95% Crl 51-59) for five-
year survival substantially lower than the comparator of Emergency: Monitoring (61%,
95% Crl 52-69). However with the small number of patients that such a prediction is

based on, credible intervals are large and overlapping.

For all elective subcohorts, the predicted overall survival at five years is centred
between 76-78%. Whilst Elective: Ward Level patients have the lowest mean predicted
survival of elective patients at 76% (95% Crl 70-82), the absolute difference is only
2% from the estimate for Elective: Monitoring patients at 78% (95% Crl 74-82). Among
emergency subcohorts, the difference between Ward Level and Monitoring, was an

absolute difference of 15% lower survival in Ward Level Patients.
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7.5 Discussion

In this cohort of hospital survivors with colorectal cancer, | observed 52% five-year
survival for the total population. This chapter demonstrates again that the popula-
tion of patients with CRC studied in this thesis are comparable to previously described
Scottish cohorts, with similar overall survival rates to those previously reported. Tak-
ing in-hospital mortality into consideration, my observed value of 52% would reduce
to 46% overall survival at five years following cancer diagnosis. Published Scottish out-
comes for patients with CRC is a five year survival of 46.9% (Public Health Scotland

2022b).

Patients admitted electively had greater five-year survival than those admitted as an
emergency. In addition, those who received organ support in critical care had worse
5 year survival than those who were admitted to critical care for monitoring alone.
Whilst an unsurprising statement, such a result had not been previously reported for

patients with CRC.

Both Elective - Organ Support (five-year survival 61%), and Emergency - Organ Support
(five-year survival 34%) had worse five year overall survival than observed in previous
descriptions of a general (all diagnoses, not limited to cancer) intensive care popu-
lation (where five-year survival was 68%) (Lone et al. 2016). My work is not directly
comparable to the population reported by Lone et al. 2016, considering my use of
‘critical-care’ including high dependency in addition to intensive care, and stratify-
ing patients to a greater degree by level of support and admission. However these
results are consistent with previous findings that long-term survival following critical
care is poorer for patients with solid cancers than those without cancer (Puxty et al.

2018).
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| observed an extremely likely (posterior probability of meaningful HR 98.76%) asso-
ciation between Organ Support and reduced five-year overall survival, for patients
admitted to hospital electively, with a predicted absolute reduction in survival of 4%,
when compared to Monitoring - Critical Care. Such a magnitude in reduction of sur-
vival would be considered clinically meaningful by ESMO-MCBS, where a 4% improve-
ment would be sufficient to prompt recommendation of a form of additional SACT
(Cherny et al. 2025). | observed an almost certain (posterior probability of meaningful
HR > 99.5%) association between Emergency Admission and reduced five-year overall
survival. This association, with median estimate of 70% increase in hazard, appeared
to overwhelm any additional difference in hazard for Emergency - Organ Support, as
Emergency - Organ Support was not predicted to have meaningful difference in five

year survival when compared against Emergency - Monitoring.

Within the smaller subgroup of patients with High Risk Il and Stage Ill disease who
received surgical resection and adjuvant SACT, selected for homogeneity within the
subcohorts. | did not observe any association between Organ Support and differences
in five year survival. However the association between emergency admission and haz-
ard of mortality, HR 1.73 (95% Crl 1.63-1.83) amongst the total cohort, remained
within this subgroup, with median HR 1.81 (95% Crl 1.28-2.54).

Among the total population, in a series of unadjusted survival analyses (univariable
models), | observed the following factors to have association with worse five-year sur-
vival: increasing age, increasing deprivation, increasing stage of disease, increasing
number of comorbidities, and diagnosis through a mechanism different to screening.
Additionally treatment that did not involve surgical intervention, and treatment with
non-curative intent were also associated with worse five-year survival. These findings
were all in keeping with expectations from previous literature. Among the unadjusted
total population, with the caveat that the relationship between Age and Survival was
not the primary focus of this chapter, this chapter does appear to provide additional

detail to what has been reported in previous work. (Li et al. 2014) reported from their
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large analysis (69,835 patients) of patients with non-metastatic CRC, that young pa-
tients (< 40 years) had greater five-year cancer specific survival (78.6%) than patients
>40 years (75.3%). My findings are in keeping with the concept that survival is worse
for older patients, patients aged 40-49 had a median HR 0.54 (95% Crl 0.37-0.77)
when compared against those aged 60-69. However, patients aged < 40 had a median
HR 1.04 (0.87-1.22) when compared against aged 60-69, suggesting their hazard of
mortality was similar to those approximately 20-30 years older. Considering that this
unadjusted analysis of younger patients does not take into account form of colorec-
tal cancer, stage, or mechanism of diagnosis (among a cohort too young for current
screening programmes), it would seem likely that differences in these other factors

would explain differences in hazard of mortality.

Observing that Elective - Ward patients have similar predictions in hazard of mortality,
to Elective - Organ Support, as reported in previous chapters, this could potentially
be explained by selection biases in who gets admitted to critical care. Patient fac-
tors such as performance status and frailty were not recorded in this dataset, and
other relevant factors had a high level of missing data, such as cancer stage (and to a
lesser extent comorbidity). A similar relationship may explain the increase in hazard
amongst patients who received no operations during their index admission (unad-
justed HR 3.56 95% Crl 3.35-3.79), where rather than being too well for surgery, it

rather reflects no surgical option being available to the patient.

7.5.1 Limitations

Unfortunately the work of this chapter has several limitations, both inherent limita-
tions resulting from the available registry data, but also potentially avoidable limita-

tions resulting from choices | made early during this thesis process.
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Beginning with limitations of registry data. As noted in Chapter 4, SMR06 (the Scottish
Cancer Registry) dataset suffers from substantial missing data (> 50%) on anatomic
stage of disease, likely not missing at random. Anatomic stage is clearly relevant
to long term survival, and it is likely that the six subcohorts investigated differ in
proportion of patients with each anatomic stage (BF > 100, Table 4.3). Other variables
were used in analysis to partially take account of this, such as Treatment Intent, which
had much smaller proportions of missing data. However whilst Treatment Intent will
be correlated with Stage and have some relevance, it will likely also be influenced

by other factors.

This analysis relies on the accuracy of total population registry information. Whilst
my methods took steps for data validation, requiring confirmation of key variables in
multiple datasets where possible, this limitation remains. Certain measures used in
this analysis, such as comorbidity, are extracted from coding of hospital records, and

as such are only as accurate as the records themselves.

Whilst attempting to describe survival between each subcohort, the first analysis of
this chapter is limited by the heterogeneity of the total cohort, where not all relevant
factors can be accounted for. The second analysis used recorded information from the
QPI programme on staging information to provide a more homogenous study popula-
tion. Details on anatomic stage were much more complete than that seen in SMRO6.
However this stratification using QPI creates new limitations. Whilst the total cohort
contained information for the interval of 2006-2018, the QPI programme is much more
limited, with patients only from 2012 onwards. Additionally, with QPI dataset being
available for only the final years of data access, a much greater proportion of patient
censoring was observed. In reality only those patients diagnosed in 2012 and 2013
would have a full five years of potential follow up before censoring, those diagnosed
in 2018 would have at most 12 months of follow up. Each successive year of follow
up was subject to greater censoring than the last. As such it could be thought that a

three-year analysis or shorter may provide more useful estimates. However, PAMMs
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(and Cox PH) allow for variation in baseline hazard estimates over time. As a result,
estimates of three year survival in this highly censored five year model would closely
approximate estimates of three year survival in a model limited to three years of fol-
low up (using this dataset). In this five year model, predicted survival for patients with
No Organ Support and Organ Support was essentially identical at each year of follow
up, with wide overlapping credible intervals. As such models with shorter durations
of follow up would not have provided any additional meaningful information. Ulti-
mately though this degree of censoring at each year of follow up substantially limits
our ability to accurately report association in this second analysis. An additional alter-
native approach would be to investigate any association between organ support and
cancer-related deaths. Such an analysis may allow for identification of differences
in cancer-related outcomes following critical illness. Unfortunately, as noted above,
such an analysis would rely on the accuracy of registry data; for death reporting,
there is no second source to allow validation of whether a death was cancer-related
or not. As such | would have been unable to verify the accuracy of any death being
‘cancer-related’. Additionally, from the perspective of ESMO-MCBS, overall survival
is the more relevant measure; switching to cancer-related deaths would result in the
loss of a strength of this chapter, that ESMO-MCBS provides established values for
what should be considered clinically meaningful for this outcome. In the next chap-
ter, Chapter 8, | attempt to address these limitations by undertaking further survival
analyses with more robust methods to investigate overall survival. These analyses
result in more informative estimates about any causal relationship between critical

illness and mortality.

Restricting the study duration to half of the total duration, and restricting stage of
disease to those with High Risk Il and Stage lll, who all received the same treatments
(surgical resection and adjuvant SACT) resulted in a study population approximately
5% of the size of the total cohort (total cohort 38,385, SACT cohort 1,582). This small
size results in analysis suffering in two ways. Firstly as a smaller group, any modelling

will inherently have wider credible intervals. As a separate second issue, patients
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with this stage of disease had greater baseline five year survival. To identify the
same absolute difference in overall survival, of 3% or greater a larger hazard ratio
would be required to achieve this, and as such the range of hazard ratios considered
as ROPE expands. So this analysis needed to observe a greater effect, but also had

less scope to identify any effect.

This limitations from a small sample size are observed in the sensitivity analysis for
this second analysis. In sensitivity analysis | observed choosing different prior proba-
bility distributions meaningfully impacted the posterior estimates from each model.
This demonstrates that there is insufficient data for the posterior distribution to be-
come resilient to different choices of relatively weak priors. In presenting the model
with uninformative priors, | present estimates following the most“neutral” starting

assumptions; however, the limitation of small data size remains.

The decisions made when restricting the study size in the selection also highlight the
other more self-inflicted limitation in this analysis. | selected patients with High Risk Il
and Stage lll disease, who received surgical resection, and subsequent adjuvant SACT.
This choice was made in attempt to provide subcohorts more closely matched to one
another. However, this choice has also resulted in my stratifying by a post treatment
variable, the receipt of SACT following critical care. If the aim of this analysis was
to understand the full relationship between Organ Support and subsequent mortality,
then stratifying by receipt of adjuvant SACT, is to remove a potential causal influence
of Organ Support on mortality. Hypothetically, Organ Support may reduce long term
survival through reducing likelihood of receiving subsequent SACT. By only studying
those who received adjuvant SACT, | am unable to comment on that causal path.
Similarly, | used variable screening for inclusion in the multivariable model for the
SACT population, and included delays commencing SACT, and delays during SACT in
the model. In doing so, | have removed some causal paths of Organ Support on subse-
quent mortality, as it could be that Organ Support causes increased mortality through

reducing timeliness or intensity of adjuvant SACT. | comment on causal paths here,
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however as noted early in this thesis, this thesis was not designed to interpret causal
relationships between variables. These wider methodological limitations are common
among medical literature, and in the final results chapter, Chapter 8, | attempt to

address these limitations using analysis more focussed on causal inference.

To summarise some of the key limitations described above, in my first analysis and
set of modelling, | described the relationship between Organ Support and long term
mortality amongst a heterogenous cohort where it is likely that significant differences
in anatomic stage and frailty remain. In my second analysis, through attempting to
account for the differences between the six subcohorts, | am left with much smaller
patient groups where it becomes more difficult to identify any association. Addition-
ally through choices made in cohort and model definitions, | closed potential causal

paths between Organ Support and long term mortality.

As a final limitation, in restricting the investigation to hospital survivors, | was able to
more accurately describe factors impacting long term rather than immediate survival.
However, as highlighted in the introduction, a substantial proportion of patients die
during their admission with critical illness. Excluding these deaths will make percent-
age predicted survival appear higher than is truly the case at the point of hospitali-

sation.

7.5.2 Clinical Implications

The above limitations are notable, but should not be considered to prevent any in-

terpretation of the work of this chapter.
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Describing overall survival amongst the total cohort may be less specific than more
accurate description of survival at each individual stage, however it still provides a
starting point for understanding long term survival for patients with colorectal can-
cer who experience organ support in critical care. Using five year follow up when
available has provided a greater duration of follow up than used in the majority of
literature for critical illness amongst patients with cancer. Stratification for a single
cancer type provides additional detail than the majority of work that has focussed on
solid organ cancers more generally. Last the stratification by receipt of organ support
versus monitoring in critical care is truly novel for an analysis of long term survival

for patients with colorectal cancer.

This chapter is able to state that in an elective cohort of patients with colorectal
cancer, long term survival is estimated to reduce for those who survivors who ex-
perienced organ support. The estimated association in this chapter is a 4% absolute
reduction in five-year survival, when contrasted those elective patients who experi-
enced organ support against those who were admitted to critical care for monitoring

alone.

An effect of this size is unlikely to result in an individual patient or clinician making
different decisions about cancer care. However on a population scale, such a dif-
ference in hazard is one that the European Society of Medical Oncology MCBS would
score as meaningful. A 4% impact on overall survival is comparable to the provision
of adjuvant SACT for High-Risk Stage Il disease (3-4%), or the addition of a second
adjuvant agent for Stage lll disease (4-5%), as noted in the introduction to Chapter 6

(Argilés et al. 2020).
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Managing to avoid the harm associated with critical illness, may be of the same pro-
tective magnitude to an adjuvant treatment that ESMO would recommend for patients
with CRC. It is unclear why such disparity exists. Potential explanations include the
impact of critical illness on inflammation, the impact of critical illness on frailty, or
the impact of critical illness on psychological outcomes and willingness to undergo
futures treatment (Lone et al. 2016; Docherty et al. 2023; McPeake and Mikkelsen
2018) Future work will need to focus on interpreting causal relationships of such a

disparity, to then allow for focused interventions to minimise such a difference.

Clinicians caring for critically unwell patients with colorectal cancer, can interpret
these findings to understand that whilst long term survival may be reduced for such
patients that survive their hospital stay, it is not reduced as much as some would fear,

and that potential benefit from critical care interventions can still be achieved.

7.6 Conclusion

This analysis of a national dataset of Scottish patients with Colorectal Cancer, pre-
dicted a 4% reduction in five-year survival among patients who had undergone organ
support in critical care. This association of critical illness was dependent on nature
of hospital admission, as this difference in survival was observed solely in patients
who had been admitted electively. Emergency admission to hospital itself had a more

overwhelming impact on long term survival regardless of level of support (HR 1.73).
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In the more focused subgroup analysis, of patients with CRC of a similar stage treated
with curative intent, critical illness was not demonstrated to be associated with long-
term survival. This may be due to the lack of such an impact, insufficient sample
size to detect such an influence, or due to choices made in the methodology of this
analysis. In the next chapter, Chapter 8, | undertake additional analysis with more
robust methodology, to investigate further the relationships between critical illness

and long-term overall survival.



Chapter 8

Critical Illlness

8.1 Introduction

8.1.1 Critical lllness in Colorectal Cancer

Throughout this thesis so far the patient population has been defined as: adult pa-
tients with colorectal cancer (CRC) who have survived their index hospital admission
following CRC diagnosis. The cohort of interest has been patients who received any

organ support in critical care.

These definitions do provide useful information on long term outcomes for patients,
are in keeping with prior work, and enhance the previously used definitions, by re-
quiring receipt of organ support. There are still limitations with these definitions,

and this chapter aims to address these.

293
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In describing a population of hospital survivors, | am able to investigate any associa-
tion between critical illness and patient outcomes, that persists after accounting for
differences in short term mortality. Use of a cohort of hospital survivors, without also
describing in hospital mortality, could risk giving a misleadingly positive impression
of long term outcomes. As an example, in Chapter 7 | noted 52% five-year overall
survival in the total cohort, however taking in-hospital mortality into account this
percentage falls to 46%. For clinicians discussing possible outcomes with patients and
families during hospital admission, outcomes that allow for in-hospital mortality may

be more relevant, rather than values that assume hospital survival.

In this thesis | have stratified patients by both admission to critical care, and receipt
of organ support in critical care. Puxty et al. 2015 provides one of the most com-
parable patient populations to those studied in this thesis. In their population-based
(Scotland) observational study of critical illness for patients with solid cancers, Puxty
et al. 2015 defined critical illness as admission to intensive care. Where patients were
admitted to a shared intensive and high dependency unit, receipt of organ support
(which they defined as invasive ventilation, inotropic or vasopressor therapy, or renal
replacement therapy) was used to differentiate patients. Among most other published

work, this further stratification by receipt of organ support is not undertaken.

In the limited published work investigating outcomes for patients with solid organ
cancers after critical illness, the most common classification of ‘critical illness’ is
by admission to intensive care. There is no population-level work that links severity
of critical illness (beyond ICU admission) to long term outcomes for patients with
solid organ cancers generally, or CRC specifically. Gheerbrant et al. 2021 included
all patients admitted to intensive care (n = 253), when describing short and long
term survival after critical illness, with no stratification of outcomes by receipt of
organ support. When Borcoman et al. 2020 investigated subsequent anti-cancer ther-
apy and mortality for patients with solid organ cancers, they included all patients

who survived an unplanned admission to intensive care (n = 622), without further in-
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vestigation on the association of receipt of organ support. Similarly Kim et al. 2015
investigated factors associated with likelihood of subsequent chemotherapy receipt
for patients with Stage Il and Ill CRC (n = 750). Within this they identified admission to
intensive care as associated with reduced odds of subsequent chemotherapy receipt,

but did not stratify further by severity of illness or receipt of organ support.

In this thesis so far | have provided evidence that for patients with colorectal cancer
in Scotland, admission to critical care for monitoring should be considered the ‘well’
baseline. Among elective patients admission to critical care for monitoring is the
most common occurrence, accounting for 55% (n = 14,524) of elective admissions.
These patients attain the greatest proportion of Quality Performance Indicators (76%,
contrasted against 67% in Ward and 33% in Organ Support), and have the greatest five-
year overall survival estimates (70%, contrasted against 52% in the overall cohort). As
such | have demonstrated that critical care requires stratification to distinguish the

subcohort of patients that are critically unwell.

Whilst the papers above described a range of solid organ cancers rather than solely
colorectal cancer, the other key difference is they aimed to investigate ‘Intensive
Care’ admissions rather than both high dependency and intensive care in ‘Critical
Care’. As such an argument could be made that their work did not require stratifica-
tion by organ support receipt, as by definition intensive care includes only the more
unwell patients. However it appears likely that Gheerbrant et al. 2021 and Borcoman
et al. 2020 included patients in their intensive care cohorts that did not receive any
organ support. For Gheerbrant et al. 2021 the most commonly received form of organ
support was invasive ventilation, accounting for 41% of their intensive care cohort.
35% of their patients received vasoactive support. Considering the nature of critical

illness it is likely that there was significant overlap between these groups, although
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they do not provide details of this. Allowing for overlap, this allows for a range of 24
- 59% of their intensive care cohort not receiving organ support. For Borcoman et al.
2020, 21-67 % of their Intensive Care cohort may not have received organ support,

depending on overlap of receipt of different forms.

Stratifying by receipt of organ support in critical care would seem to provide greater
discrimination of the patients experiencing critical illness than is seen in previous
published work. As a proxy definition of critical illness, it can be improved further.
Without a minimum duration of organ support, patients who return to critical care
for enhanced recovery after theatre may inadvertently fall into our grouping of those
‘critically ill’. As examples, those more ‘well’ patients who are admitted with a plan
to extubate within a few hours post theatre, or on small amounts of cardiovascu-
lar support, would currently fall into the Organ Support subcohort. If there was a
significant proportion of such patients, this may dilute any observed association be-
tween receipt of organ support (for those more sick patients experiencing prolonged

multi-organ support) and long term patient outcomes.

Stratifying those who receive organ support further, by greater or lesser durations
of organ support, may improve discrimination between those who have or have not
experienced critical illness. A patient who requires cardiovascular, respiratory, or
renal support for greater than one day may be more likely to be critically ill, than
someone who manages to come off support after less than one day of admission to

critical care.
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Considering the above, in this chapter | make the following changes to population
and subcohort definitions. Having identified that those admitted to critical care for
monitoring should be considered the well comparator of patients, | choose to restrict
the population of patients to those admitted to critical care (excluding those treated
at a ward level). Recognising that the cohort of patients who receive greater than
one day of organ support are more likely to contain the population of interest (those

critically unwell), | choose to stratify patients admitted to critical care into:

« Critical Care - Monitoring Alone (0 Days Organ Support)
« Critical Care - Single Day Organ Support Recorded
 Critical Care - Multiple Days (2+) of Organ Support Recorded

Recognising that describing all admissions (rather than just those who survive hospital)
provides a more representative description of short and long term survival, in this
chapter | first describe the characteristics and short term outcomes of all admissions
to critical care. Later in this chapter, when appropriate, | restrict the population to
hospital survivors. With these changes to population and subcohort definitions, the
aim is to allow for descriptors and outcomes more relevant to those working in critical
care, aiming to understand the possible outcomes for their patients, and hoping to

have more informed conversations with all relevant parties.

8.1.2 A Causal Approach

As noted throughout this thesis, each analysis in the preceding chapters used the
commonly undertaken technique of single variable screening prior to inclusion in a
final multivariable model. Such a technique can result in models with adequate fit

to observed data. This thesis demonstrates this, with the posterior predictive checks
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provided for each model. However the aim of this thesis is to better understand the
relationship between critical illness and long term outcomes for patients with CRC.
To achieve that goal, approaches that use causal inference may be more appropriate

(McElreath 2020).

To describe the causal effect on an outcome of interest, we are describing the ex-
pected outcome under a series of counterfactuals (Smit et al. 2023; Stovitz and Shrier
2019). In this thesis the exposure of interest is critical illness, defined in this chap-
ter as the receipt of organ support for multiple days in critical care. The outcomes
of interest are subsequent anti-cancer therapy, and long term overall survival. As a
result the comparison in counterfactuals for a patient may be: what do we predict
long-term survival to be if this patient does experience critical illness, and what do

we predict long-term survival to be if they do not experience critical illness.

The causal effect of an exposure can have multiple definitions. We may talk about
the ‘total effect’, this is when all pathways (or mechanisms) between exposure and
outcome of interest are combined into one effect (Westreich and Greenland 2013;
Stovitz and Shrier 2019; Krishnamoorthy et al. 2020a). As illustration, when talking
about the causal effect of critical illness on timely adjuvant chemotherapy, one path
may be that those with critical illness remain in hospital for longer, delaying sub-
sequent chemotherapy. Another pathway may be that patients with critical illness
are more frail on discharge, and less likely to be fit to receive chemotherapy at all.
We can also assume there are multiple other pathways, and the combination of all
pathways is the ‘total causal effect’ (Westreich and Greenland 2013). Each individual
pathway’s contribution is known as the ‘direct effect’ of that factor (Westreich and

Greenland 2013).
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In the above example, if we adjusted for length of hospital stay, we would be ‘block-
ing’ length of stay’s direct effect, and inadvertently reducing the estimate for the
total effect of critical illness on timely chemotherapy receipt. | use this example
in part as an admission of error, highlighting that | made this exact adjustment in
Chapter 5. Whilst a mis-step, an analysis with blocked pathways can still provide
useful information; observing that the odds of timely chemotherapy receipt are re-
duced despite adjusting for length of stay, allows inference that any mechanism that
reduces chemotherapy receipt among those surviving critical illness, is not limited
to the pathway of length of stay in hospital (McElreath 2020; Krishnamoorthy et al.
2020b). Any proposed intervention that aimed to shorten length of hospital stay for
patients with critical illness, would likely be insufficient to fully improve receipt of

chemotherapy for this population.

Describing causal pathways between factors, is to describe the assumed scientific
model. A commonly used method is to represent the model graphically, plotting all
relevant factors (nodes) and the relationships between them (edges), in a directed
acyclic graph (DAG) (Krishnamoorthy et al. 2020a; Swarbrick et al. 2025a; McElreath
2020). DAGs are so-called as they demonstrate the direction of how variables af-
fect each other, and do not allow for loops (e.g A — B would be valid in a DAG,
but A <+ B is not) (Krishnamoorthy et al. 2020a). A DAG describes a process as it
moves forward through time: so whilst we might assume a loop of performance sta-
tus (PS) impacting likelihood of critical illness, and critical illness impacting future
performance status, in a DAG this would need to be described as something like
Pre-morbid PS — Critical Illness — Post-morbid PS, to clarify the temporal relation-

ship (Krishnamoorthy et al. 2020b).
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Figure 8.1 shows a simplified example, where the exposure of interest is experienc-
ing critical illness, followed by multiple causal pathways, that lead to the outcome of
interest of timely chemotherapy receipt. These pathways that sit between exposure
and outcome of interest may be referred to as ‘mediators’ or as ‘pipes’ (Krishnamoor-

thy et al. 2020b; McElreath 2020).

Critical Illness

|

Hospital Length Performance
of Stay Status
Timely Chemotherapy
Receipt

Figure 8.1: Example directed acyclic graph for the effect of critical illness on timely
chemotherapy receipt; U is an unobserved variable.

When attempting to understand the total causal effect, we would not want to adjust
for mediators. There are other factors we do need to adjust for, those that impact
both the exposure of interest, and the outcome of interest. These factors that impact
our exposure of interest, and our outcome of interest are known as confounders, and
are also an example of ‘forks’ (where one variable impacts the likelihood of more than
one other variable) (McElreath 2020). The causal pathways coming from these ‘sec-
ondary’ exposures can be referred to as ‘secondary effects’ (Westreich and Greenland
2013). In Figure 8.2 age has been added to the scientific model, and assumed to im-
pact likelihood of critical illness, length of hospital stay, and performance status. To
understand the causal effect of critical illness on timely chemotherapy receipt, age

must be adjusted for.



8.1. Introduction 301

Age Critical Illness

| >

Hospital Length Performance
of Stay Status
Timely Chemotherapy
Receipt

Figure 8.2: Example directed acyclic graph for the effect of critical illness on timely
chemotherapy receipt; Age is a confounder that impacts likelihood of critical illness,
performance status, and length of stay

When attempting to describe the total causal effect of an exposure, we want to
adjust for confounders, and not adjust for pipes/mediators. It is also important to
note that inappropriate inclusion of variables may not only result in underestimation
of causal effects, inappropriate adjustment may also result in the creation of spurious
relationships between variables (Krishnamoorthy et al. 2020b; McElreath 2020). This
is revisited in Methods in Section 8.2.5, for a specific example of considerations for

this chapter.

Last, as well as statistical model generation requiring thought, statistical model in-
terpretation also requires care. In the paradigm of causal inference, interpretation of
each coefficient needs to consider if the variable was the exposure of interest or in-
cluded to account for confounding. A regression that aimed to understand the causal
relationship between critical illness and SACT receipt from the model described in

Figure 8.2 would look as below, with coefficients produced for each variable:

Timely Chemotherapy Receipt ~ Critical Illness + Age
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In the regression estimates produced, the estimate for critical illness would be the
total causal effect on timely chemotherapy receipt. More specifically, it is the con-
ditional total effect, the total effect conditional on confounders being held constant
(Westreich and Greenland 2013). However the estimate produced for age would be
the direct effect of age on timely chemotherapy receipt, with the pathways for Age’s
impact on critical illness, length of stay, and performance status being blocked. This
first model will likely underestimate the total causal effect of age; If we wanted to
provide an estimate for the total causal effect of age, this would require its own

separate model.

Use of causal inference, with DAGs to describe one aspect of the scientific model, is
becoming increasingly common in observational medical research. One particularly
useful example published in 2025, was the use of causal inference in the Third Snap
Anaesthesia Project (SNAP-3), investigating the impact of frailty, multimorbidity, and
delirium on outcomes for undergoing surgery in the UK (Swarbrick et al. 2025a; Swar-
brick et al. 2025b). Like in Chapter 2, when the importance of justification of choices
of prior probabilities was introduced, any relationship between variables in a scien-
tific model also requires justification, through methods such as previous published

work, or consensus expert opinion (Swarbrick et al. 2025a).

In Section 8.2 | provide specific detail on this chapter’s question of interest (esti-
mand), scientific model interrogated (building on evidence provided by Swarbrick et

al. 2025a), statistical techniques used to investigate the questions of interest.
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8.2 Methods

This chapter uses routinely collected registry information from SMR0O1, SICSAG, Chemo
care, NRS Deaths as described in more detail in Chapter 3. With the aim to first de-
scribe the cohort of patients with CRC admitted to critical care, their reasons for
admission, and their short term outcomes, the first cohort is of those unique adult
patients with CRC (of any stage), admitted to critical care (including those who died
during admission). This cohort is used to describe initial demographics, reason for ad-
mission, and short term mortality. As noted in Chapters 4 and 7, and later within this
chapter, such a cohort is heterogenous in its baseline characteristics. To compensate
for this, in further description and regression models of long term outcomes, patients
are stratified further. The second half of the chapter that uses this stricter cohort
definition, investigates hospital survivors (defined as surviving both to hospital dis-
charge and the following 30 days) with High Risk Il or Il stage disease, who underwent

curative resection during their index admission.

Unlike previous chapters, this chapter excludes patients treated at a ward level,
considering those who received monitoring in critical care as the well comparator.
As noted in Section 8.1.1, patients treated in critical care were classified into those

who received:

« Critical Care - Monitoring Alone (0 Days Organ Support)
 Critical Care - Single Day Organ Support Recorded
 Critical Care - Multiple Days (2+) of Organ Support Recorded
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This stratification was undertaken using the daily records of care provided by SICSAG.
As before, organ support was defined as receipt of one or more of: inotropic/vasopressor
support, high-flow nasal oxygen, non-invasive ventilation, invasive ventilation, or re-
nal replacement therapy. Considering the interaction between nature of admission
and level of support in hospital, patients were again stratified by nature of admission

into Elective versus Emergency hospital admissions.

A CONSORT diagram detailing patient inclusion and exclusion is provided in Figure 8.3.
The first descriptive half of this chapter describes those identified as ‘Critical Care
Admissions’, the second half of this chapter, with regression modelling uses the final

step from the CONSORT diagram, ‘Hospital Survivors with CRC Stage HRII / lII’.

Hospital admissions of unique
adult patients with CRC
n=43,773

Excluded:
n= 21,374
Not admitted

Critical Care Admissions |  .____ to critical care

n=22,399
Used for descrip-

tion of total cohort Excluded:

________________ * n=19,665 |

' Incorrect stage or |

Adult patients with CRC Stage . Mo surgical resection .
Hrll/11l; Underwent Resection

Lstalln T Excluded:

———————————————— -- - n=127 |

' Did not survive hospital |

Hospital Survivors with el |

CRC Stage HRII/1I
total n=2,607
High Risk Il n = 1,753
Ill n = 854

Used for description of:
SACT eligible cohort,
modelling of SACT receipt,
modelling of long-term survival

Figure 8.3: CONSORT diagram showing patient selection. Dashed branches show exclusions at
each step.
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8.2.1 Estimand

Modelling within this chapter aims to address the following questions of interest:

1. What is the causal effect of critical illness on subsequent receipt of adjuvant
systemic anti-cancer therapy (SACT), in patients with High Risk Stage Il and
Stage Il disease who have undergone curative surgical resection, conditional
on hospital survival.

2. What is the causal effect of critical illness on long term overall survival, in the
same cohort of patients as the above estimand, again conditional on hospital

survival.

Whilst stating causal effect, in this context our questions are conditional on hospital
survival, but include all other pathways. Considering the well established causal ef-
fect of critical illness on hospital mortality, the more relevant question of interest
to many intensivists would be, considering the established burdens of invasive treat-
ment in critical care, what would be the odds of longer term benefit to the patient
being referred, if they were to survive this hospital stay. Conditioning on hospital
survival will reduce the estimate of total effect of critical illness on SACT receipt and
long term mortality, and also introduce other risks discussed in Section 8.2.5, but

ultimately will provide a more meaningful estimate to the above question.

The models used, that provide causal estimates of the impact of critical illness, can
also be used to provide estimates of effect of nature of admission on patient out-

comes.
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8.2.2 Unadjusted Analyses

The questions of interest are considered the most relevant for causal inference in this
chapter, however unadjusted descriptors of demographics, SACT receipt, and short

and long term mortality are also likely of benefit.

This chapter provides description of the demographics of each subcohort using fre-
quency tables with counts and medians (with interquartile ranges), as well as compar-
ison of differences using Bayes Factors. Counts of reasons for critical care admission

are also provided in frequency tables.

Long term survival is provided for the overall population of patients with CRC admit-
ted to critical care, and stratified into the above six subcohorts. Unadjusted kaplan-
meier estimates for five year survival are provided for all patients. Kaplan-meier
estimates are provided twice, first estimates (from hospital admission) that include
in-hospital mortality, second (from 30 days post discharge) providing estimates that

are conditional on surviving hospital admission.

Unadjusted analyses continue for the ‘SACT-eligible’ population, those who have High
Risk Stage Il and lll disease, who underwent curative resection in their index admis-
sion, and survived the first 30 days following hospital discharge. Frequency tables are
provided for patient demographics, reason for critical care admission. Unadjusted es-
timates for overall cumulative incidence of adjuvant SACT are provided (with death
following discharge treated as competing risk), followed by cumulative incidence of
adjuvant SACT stratified by subcohorts. Kaplan meier estimates for overall survival

in the subcohorts of this SACT-eligible population is also provided.
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8.2.3 Regression Modelling

Within the SACT eligible population, regression modelling is undertaken to address
the questions of interest noted in Section 8.2.1. As described in Chapter 7, regression
modelling utilises Bayesian PAMMs. This allows estimates of the causal effect of crit-
ical illness on the outcomes of interest, and sampling from posterior distribution to
generate predictions of SACT receipt and overall survival. Prior selection, sensitivity
analysis, validity checks, posterior predictive checks, and software were as described
in Chapter 3, and in more detail in Chapter 7. For survival, ROPE was specified to cat-
egorise an absolute difference in overall survival of less than 3% as being practically
equivalent (as seen in Chapter 7). For SACT receipt, ROPE was specified to categorise

an absolute difference in SACT receipt of less than 5% as being practically equivalent.

8.2.4 Adjustment Set and Causal Framework

Within SNAP-3, Swarbrick et al. 2025b provide a proposed scientific model for the
causal effects of exposures of interest on surgical outcomes for comorbid, more frail
patients. No similar proposed scientific model (in the form of DAGs) has been pub-

lished on the impact of critical illness on solid organ cancer outcomes.

Considering their inclusion of relevant patient characteristics, similarity in question of
interest, and methodological rigour when describing their proposed scientific model, |
chose to use their DAG as a starting point (Swarbrick et al. 2025a). To clarify the point
of similarity in question of interest, they aimed to understand the causal relationship

between frailty and multimorbidity, with post operative mortality, amongst a cohort
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of older patients undergoing surgical intervention. As my question of interest also
involves the relationship between a disease state and outcomes (including mortality),
amongst a cohort of older patients undergoing sugical intervention, this appeared

similar enough as a beginning.

Amongst the DAG proposed by Swarbrick et al. 20253, relationships between Age, Sex,
Socioeconomic Status, Frailty, Comorbidity, Nature of Surgery (Elective vs Unplanned)
and Mortality are all described. Additionally they note the additional specific rela-
tionships of Dementia on Frailty, and post-operative outcomes that extend beyond
the impact of comorbidity alone (Swarbrick et al. 2025a; White et al. 2019; Mollers
et al. 2018). In their methodology, they propose the inclusion of an interaction term
as a node in itself in their DAG, as utilised by Attia et al. 2022. For the purposes of
this chapter however, a DAG proposes which factors influence each other, without
providing additional detail on the nature of that influence (DAGs can be described
as non-parametric for this reason), or how such an influence should be modelled. To
provide that additional detail on interaction, other parametric methods such as struc-
tural equation modelling or fully generative Bayesian models could be used. Within
this chapter as | include interaction within the statistical model itself, and inclusion
of an interaction node would not change which additional variables are considered

confounders, use of an interaction node in the DAG is unnecessary (McElreath 2020).

As noted throughout this thesis and by Swarbrick et al. 2025a, patient frailty is noted
to be likely of great importance to the questions of interest, whilst remaining a sig-
nificant limitation as an unmeasured confounder, that registry information has not
historically recorded. | chose to partially account for this using the following mecha-
nisms: first limiting regression models to the cohort of patients who were admitted to
critical care having undergone curative surgical resection for colorectal cancer. Ac-
knowledging that frailty impacts decision making both for admission to critical care,
and who undergoes surgical resection, it is likely (although not-provable) that this re-

stricted cohort is more homogenous in frailty incidence (Bryden et al. 2024; Lourenco
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et al. 2025) Secondly comorbidity, dementia, socioeconomic deprivation, sex and age
all partially influence the incidence of frailty (although they do not fully predict it), in
accounting and adjusting for these factors, | can partially adjust for the confounding

nature of frailty (Walsh et al. 2023; Espinoza et al. 2018).

8.2.5 Conditioning on Hospital Survival: Selection Bias

It is well established that those who experience critical illness have greater hospital
mortality than those who do not. In Chapter 4, Table 4.2 | note that among patients
admitted electively, hospital mortality was 1.6% (n = 232) among those who were
admitted to critical care for monitoring, and 13% (n = 349) among those who received
any organ support in critical care. This chapter uses a more strict definition of critical
illness, and will likely demonstrate a greater hospital mortality in the critical illness
group. It would be unsurprising for any involved in the care of critically ill patients
to state that chemotherapy receipt and long term survival are reduced due to the
increased likelihood of dying in hospital. To provide nhew meaningful information for
intensivists, oncologists, and patients, in this chapter | wish to understand any ongoing

impact of critical illness that persists after hospital survival.

Two important points have been raised in the Introduction and Methods that create
some difficulty for this question. First is that adjusting for certain nodes in a DAG
can introduce spurious associations; in particular adjustment on what are known as
‘colliders’. The second is that within our dataset an important variable (frailty) is un-
measured. In Figure 8.4 below | aim to represent this problem. We see that frailty is
assumed to influence the probability of critical illness. Then both through the mech-
anism of critical illness, and independent to it, frailty influences the probability of
hospital survival and chemotherapy receipt. Critical illness is assumed to influence

probability of hospital survival, and also independently chemotherapy receipt.
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Frailty

Critical Illness

Hospital Survival

Timely Chemotherapy
Receipt

Figure 8.4: Example directed acyclic graph, demonstrating the collider inherent in conditioning
on hospital survival, with the unmeasured confounder of Frailty

As both the nodes of critical illness and frailty have edges to hospital survival, hospital

survival is considered a collider between these variables (McElreath 2020).

Critical Illness — Hospital Survival < Frailty

Conditioning by hospital survival not only reduces the estimated causal effect of crit-
ical illness, something we allowed for and desired, but also risks additional spurious
associations. Assuming that both critical illness and frailty increase risk of hospital
mortality, then conditioning on hospital survival results in a cohort of critical illness
survivors that are less likely to be frail (if you experience critical illness and frailty
you have two insults to overcome to survive admission, whereas a frail patient with-
out critical illness only has to overcome one). Following the cohort of critical illness
survivors (who are less likely to have premorbid frailty), and comparing them against
the cohort of survivors who didn’t experience critical illness (who are more likely to
have premorbid frailty), and investigating subsequent outcomes such as chemother-
apy receipt and long term survival, this selection bias we have induced will result in
estimates of effect that will be biased towards ‘no effect’ of critical illness (McElreath

2020). Adjustment for frailty, similar to how | adjust for other variables which have
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independent impacts on outcome, such as comorbidity and age, would effectively
counter this limitation. Unfortunately as frailty is unobserved, the methodological
limitation remains and must be noted. To partially account for frailty, | used the

mechanisms as described in Section 8.2.4.

8.2.6 Directed Acyclic Graph

Figure 8.5 provides the proposed underlying scientific model to be investigated within
this chapter. In this model age, socio-economic status (SIMD), comorbidities, demen-
tia, cancer stage (high risk stage Il, and stage Ill disease), and sex are considered con-
founders that require adjustment. Frailty is considered an unobserved confounder,
with limitations and adjustment for as noted in Section 8.2.5. Nature of admission to
hospital and receipt of organ support are the exposures of interest. Whilst method
of diagnosis is assumed to have causal influence on long term outcomes, it’s causal
pathway operates through nature of admission and cancer stage at the time of diag-
nosis. In this model | adjust for both nature of admission and cancer stage, as such
adjusting for method of diagnosis becomes redundant (McElreath 2020). Duration of
hospital admission (length of stay) is considered a mediator and is not adjusted for.
In models of SACT receipt, SACT receipt is the outcome of interest, in models of long
term survival, overall-survival is the outcome of interest and SACT receipt is consid-
ered another mediator. Noted in Chapter 1, Post Intensive Care Syndrome (PICS) is a
clinically relevant outcome following critical illness. Whilst it may seem reasonable
to a clinician that incidence of PICS would likely impact long term cancer outcomes,
such work investigating the relationship between PICS and cancer outcomes has not
been published. For the purpose of this thesis, PICS would be considered a mediator
for any total causal effect of critical illness on cancer outcomes; as such it being un-
observed does not negatively impact our modelling, as if we had detail on incidence

of PICS (or equally, frailty post critical illness) it would not be adjusted for.
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Figure 8.5: DAG representing the assumed causal structure for the analyses in this chapter. Critical Illness and Nature of Admission are the
exposures; receipt of adjuvant SACT and overall survival are the outcomes. Both analyses target the total causal effect of critical illness.
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8.3 Results: Total Critical Care Cohort

43,773 unique adult patients with colorectal cancer were admitted to hospital, 22,399
patients were admitted to critical care during their index hospital admission. 78%
of admissions were elective (n=17,443), 22% of admissions were as an emergency
(n = 4,956). Within elective and emergency admissions, receiving monitoring only
in critical care were the largest cohorts, accounting for 85% of elective admissions
(n = 14,756) and 72% of emergency admissions (n = 3,589). 1,776 elective patients
received multiple days of organ support, this chapters’ definition of critical illness
(10% of elective admissions), 953 emergency patients received multiple days of organ

support (19% of emergency admissions).

8.3.1 Demographics

Full demographics of the overall population and subcohorts are provided in Table 8.1.

Median age of the overall population of CRC patients admitted to critical care was 70
(IQR 62-78), Elective - Multiple had median age 71 (IQR 65-78), Emergency - Multiple
had median age 74 (IQR 65-81). Overall proportion of male patients was 56% (n =
12,490), with Elective - Multiple having 62% (n = 1,099), and Emergency - Multiple
having 57% (n = 547).

The overall proportion of patients with no additional comorbidities to cancer was 75%
(n=16,845), and multiple additional comorbidities was 5.8% (n = 1,299). Patients with
critical illness had a greater proportion with multiple additional comorbidities (BF >
100, strong evidence for difference). Elective - Multiple had 9.9% (n = 176), Emergency
- Multiple had 9% (n = 86). For the comorbidities of Cardiac, Respiratory, Renal, and
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Diabetes, critical illness subcohorts each had a greater proportion of patients with
each comorbidity (BF > 100). The only comorbidity that did not follow this pattern
was Dementia, where the overall proportion was 0.7% (n = 161), Elective - Multiple
had 0.6% (n = 11), and Emergency Multiple had 1.3% (n = 12), with BF < 0.001 (strong

evidence of no difference between cohorts).

In the overall population, diagnosis through screening was 16% (n = 3,661) and through
clinical presentation was 81% (n = 18,049). There was clear difference between Elec-
tive and Emergency subcohorts, rather than difference observed between levels of
support. Elective - Multiple had 79% (n = 1,408) diagnosed following clinical presen-
tation, whilst Emergency - Multiple had 94% (n = 897)(BF >100).

As described in Chapter 4, SMRO06 is limited by the significant amount of missing data
on anatomic stage. 67% of the overall population (n = 14,932) did not have TNM score
recorded in SMR06. With this limitation noted, differences between subcohorts here
appear between Elective and Emergency admissions (BF > 100). The overall propor-
tion recorded with Stage IV disease was 12% of all patients (percentage of the total
with recorded information, n = 859). Elective - Multiple had 9.4% (n = 68) patients
recorded with Stage IV disease, Emergency - Multiple had 17% (n = 61). These differ-
ences persisted after the addition of SMRO1 disease codes to SMRO6, overall identifi-
cation of Metastatic Disease was 25% in the overall population (n = 5,689), 23% (n =
403) in Elective - Multiple, and 28% (n = 263) in Emergency - Multiple. Of note, emer-
gency admissions treated with Monitoring alone had a greater observed proportion of

metastatic disease, with 36% (n = 1,286, BF > 100).
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Treatment Intent did not appear markedly different between levels of support, but
did differ dependent on nature of admission (BF > 100). 77% (n = 17,203) of the overall
population were treated with curative intent, 80% (n = 1,429) of Elective - Multiple
patients, and 58% (n = 556) of Emergency - Multiple patients. Treatment intent did
have missing data (missing data for overall population 7.2%, n = 1602), although not

at the magnitude seen for disease stage.

All subcohorts had greater than 90% of patients admitted under the care of surgical
specialties, with 99% of the overall population treated by surgeons in their index ad-
mission (n =22,120). Emergency admissions had slight but notable increase in medical
admissions as coded by SMRO1. Elective - Multiple had close to 100% surgical admis-
sions (n =1,770), Emergency - Multiple had 96% surgical admissions (n =915, BF > 100).
The overall population saw 76% (n = 17,008) of patients undergo one operation during
their index admission, and 16% received multiple operations (n = 3,536). The critical
illness subcohorts had a greater proportion of patients with multiple operations (BF >
100), where Elective - Multiple had 29% (n = 507), and Emergency - Multiple had 23%
(n =217). All emergency subcohorts had a greater proportion of patients receiving no
operation during index admission (BF > 100), 18% of Emergency - Multiple admissions
(n = 168) did not receive an operation, contrasted against the population average of

8.3% (n = 1,855).

Patients with critical illness had longer critical care and hospital stays (BF > 100). The
overall population median duration of admission in critical care and hospital were
3 (IQR 2-5) days and 11 (IQR 7-17) days respectively. For Elective - Multiple, these
durations were 6 (IQR 3-10) and 17 (IQR 10-32) days. For Emergency - Multiple, these
durations were 6 (IQR 3-10) and 23 (IQR 13-42) days.
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APACHE Il scoring had high proportions of missing data, known to be missing not at
random, with a high risk of bias, discussed in more detail in Section 8.7.3. Amongst
the overall population 75% of admissions did not have APACHE Il recorded (n = 16,710),
patients with critical illness had greater completion of APACHE II, where Elective -
Multiple had 40% missing data (n = 706), and Emergency - Multiple had 29% missing
data (n = 275).

In regards to organ support: 82% (n = 1,450) of Elective - Multiple and 75% (n = 719)
of Emergency - Multiple received cardiovascular support. 51% (n = 898) of Elective -
Multiple and 68% (n = 646) of Emergency - Multiple received respiratory support. 9.6%
(n = 170) of Elective - Multiple and 12% (n = 111) of Emergency - Multiple received

renal support.



8.3. Results: Total Critical Care Cohort 317

Table 8.1: Characteristics of all adult colorectal cancer patients admitted to critical care,
stratified by days of organ support (0 / 1 / 2+).

Characteristic  Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Monitoring Single Multiple Monitoring Single Multiple
N=22,399 N=14,756 N =911 N=1,776 N=3,589 N=414 N =953

Age At 70 (62, 78) 70 (61,76) 72 (64,78) 71 (65,78) 72 (62,80) 75 (66,82) 74 (65, 81) >100
Diagnosis
Sex >100
Male 12,490 8,265 555 (61%) 1,099 1,804 220 (53%) 547 (57%)
(56%) (56%) (62%) (50%)
Female 9,909 6,491 356 (39%) 677 (38%) 1,785 194 (47%) 406 (43%)
(44%) (44%) (50%)
SIMD (quintile) <0.001
1 4,103 2,629 163 (18%) 321 (18%) 687 (19%) 90 (22%) 213 (22%)
(18%) (18%)
2 4,542 2,940 199 (22%) 374 (21%) 722 (20%) 83 (20%) 224 (24%)
(20%) (20%)
3 4,609 3,009 214 (23%) 370 (21%) 744 21%) 91 (22%) 181 (19%)
(21%) (20%)
4 4,632 3,068 188 (21%) 411 (23%) 701 (20%) 85 (21%) 179 (19%)
(21%) (21%)
5 4,493 3,096 147 (16%) 299 (17%) 731 (20%) 64 (15%) 156 (16%)
(20%) (21%)
Unknown 20 14 0 1 4 1 0
Additional >100
Charlson

Comorbidities

0 16,845 11,527 596 (65%) 1,146 2,695 260 (63%) 621 (65%)
(75%) (78%) (65%) (75%)
1 4,255 2,567 228 (25%) 454 (26%) 650 (18%) 110 (27%) 246 (26%)
(19%) (17%)
2+ 1,299 662 (4.5%) 87 (9.5%) 176 (9.9%) 244 (6.8%) 44 (11%) 86 (9.0%)
(5.8%)
Cardiac Disease 1,629 884 (6.0%) 101 (11%) 210 (12%) 271 (7.6%) 55 (13%) 108 (11%)  >100
(Charlson) (7.3%)
Unknown 17 12 0 2 3 0 0
Respiratory 2,152 1,214 132 (14%) 246 (14%) 363 (10%) 65 (16%) 132 (14%)  >100
Disease (9.6%) (8.2%)
(Charlson)
Unknown 17 12 0] 2 3 0 0

Continued on next page
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Characteristic  Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Monitoring Single Multiple Monitoring Single Multiple
N=22,399 N=14,756 N =911 N=1,776 N=3,589 N=414 N =953

Renal Disease 933 (4.2%) 467 (3.2%) 57 (6.3%) 117 (6.6%) 184 (5.1%) 33 (8.0%)  75(7.9%)  >100

(Charlson)

Unknown 17 12 0 2 3 0 0

Diabetes 2,231 1,363 123 (14%) 262 (15%) 320 (8.9%) 51 (12%) 112 (12%)  >100
(Charlson) (10.0%) (9.2%)

Unknown 17 12 0 2 3 0 0

Dementia 161 (0.7%) 78 (0.5%) 5 (0.5%) 11 (0.6%) 47 (1.3%) 8 (1.9%) 12 (1.3%)  <0.001
(Charlson)

Unknown 17 12 0 2 3 0 0

Method of First >100
Detection

Screening 3,661 3,053 164 (18%) 300 (17%) 108 (3.0%) 11 (2.7%) 25 (2.6%)
examination (16%) (21%)

Incidental 470 (2.1%) 293 (2.0%) 26 (2.9%) 53 (3.0%) 65 (1.8%) 11 (2.7%) 22 (2.3%)

finding

Clinical 18,049 11,262 719 (79%) 1,408 3,377 386 (93%) 897 (94%)
presentation (81%) (76%) (79%) (94%)

Other / Not 219 (1.0%) 148 (1.0%) 2 (0.2%)  15(0.8%) 39 (1.1%) 6 (1.4%) 9 (0.9%)

Known
Anatomic Stage >100
0 43 (0.6%) 21 (0.4%) 2 (0.6%) 5 (0.7%) 8 (0.7%) 1(0.7%) 6 (1.7%)
I 1,114 861 (18%) 61 (18%) 120 (17%) 45 (4.2%) 7 (4.9%) 20 (5.6%)
(15%)
1A 1,865 1,354 84 (25%) 183 (25%) 178 (16%) 19 (13%) 47 (13%)
(25%) (28%)
1B 490 (6.6%) 254 (5.3%) 16 (4.7%) 37 (5.1%) 115 (11%) 20 (14%) 48 (14%)
n 3,096 1,969 127 (37%) 308 (43%) 453 (42%) 66 (46%) 173 (49%)
(41%) (41%)
v 859 (12%) 368 (7.6%) 50 (15%) 68 (9.4%) 282 (26%) 30 (21%) 61 (17%)
Unknown 14,932 9,929 571 1,055 2,508 271 598
Metastatic 5,689 3,420 195 (21%) 403 (23%) 1,286 122 (29%) 263 (28%)  >100
Disease Found (25%) (23%) (36%)
Objectives of >100
Treatment
Curative Intent 17,203 12,157 732 (80%) 1,429 2,098 231 (56%) 556 (58%)
(77%) (82%) (80%) (58%)
Non-curative 3,594 1,561 120 (13%) 239 (13%) 1,198 151 (36%) 325 (34%)
Intent (16%) (11%) (33%)

(palliative)

Continued on next page
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Characteristic  Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Monitoring Single Multiple Monitoring Single Multiple
N=22,399 N=14,756 N =911 N=1,776 N=3,589 N=414 N =953

Not Known 1,602 1,038 59 (6.5%) 108 (6.1%) 293 (8.2%) 32 (7.7%) 72 (7.6%)
(7.2%) (7.0%)
Surgical >100
Admission
False 279 (1.2%) 41 (0.3%) 5 (0.5%) 6 (0.3%) 155 (4.3%) 34 (8.2%) 38 (4.0%)
True 22,120 14,715 906 (99%) 1,770 3,434 380 (92%) 915 (96%)
(99%) (100%) (100%) (96%)
Operation >100
During
Admission
None 1,855 832 (5.6%) 80 (8.8%) 127 (7.2%) 559 (16%) 89 (21%) 168 (18%)
(8.3%)
One 17,008 11,794 636 (70%) 1,142 2,619 249 (60%) 568 (60%)
(76%) (80%) (64%) (73%)
Multiple 3,536 2,130 195 (21%) 507 (29%) 411 (11%) 76 (18%) 217 (23%)
(16%) (14%)
Diagnosis To 44 (18, 88) 51 (31, 98) 58 (34, 57 (34, 0 (0, 24) 0 (0, 29) 0 (0, 16) >100
Admission 114) 112)
(days)
Duration 11(7,17) 9 (7, 14) 13 (8,20) 17 (10, 32) 15(10,25) 18 (10,32) 23 (13,42) >100

Hospital Stay

(days)
Duration 3.00 (2.00, 3.00 (1.00, 4.00 (2.00, 6.00 (3.00, 3.00 (2.00, 3.00 (2.00, 6.00 (3.00, >100
Critical Care  5.00) 4.00) 6.00) 10.00) 4.00) 5.00) 10.00)

Stay (days)
APACHE Il Score 16.0 (12.0, 15.0(11.0, 13.0(11.0, 17.0(13.0, 17.0(11.0, 17.0(13.0, 18.5(15.0, >100

20.0) 20.0) 17.0) 21.0) 20.0) 21.0) 24.0)

Unknown 16,710 12,085 537 706 2,888 219 275

Vasoactive 3,048 0 (0%) 636 (70%) 1,450 0 (0%) 243 (59%) 719 (75%)  >100

Support (14%) (82%)

Ventilated 2,070 0 (0%) 325 (36%) 898 (51%) 0 (0%) 201 (49%) 646 (68%)  >100
(9.2%)

Renal 309 (1.4%) 0 (0%) 13 (1.4%) 170 (9.6%) 0 (0%) 15 (3.6%) 111 (12%)  >100

Replacement

Therapy

Hospital 1,456 232 (1.6%) 66 (7.2%) 283 (16%) 433 (12%) 107 (26%) 335 (35%) >100

Mortality (6.5%)




8.3. Results: Total Critical Care Cohort 320

8.3.2 Days of Organ Support

As noted in Section 8.1.1, patients were included in the ‘Multiple’ days of organ
support subcohorts, when they had two or more daily records noting organ support
during their critical care admission. For both Elective - Multiple and Emergency ad-
missions, the median number of days of organ support was 3; 3 (IQR 2-4) and 3 (IQR

2-5) respectively as shown in Table 8.3.

Table 8.3: Summary of days of organ support among CRC patients admitted to critical care,
stratified by nature of admission.
Median (IQR): Maximum

Characteristic Elective Emergency
N = N=953
1,776

Number Days of 3 (2, 4): 3 (2, 5):

Organ Support 67 47

8.3.3 Reason for Admission

Similar to other characteristics noted above, reason for admission appeared more
dependent on nature of admission rather than level of support during critical care.
These are shown in Table 8.4. For all Elective subcohorts ‘Gl Surgery For Neoplasm’
was the most common reason for admission (55-58% of admissions). For all Elective
subcohorts ‘Gl Perforation / Obstruction’ was the third most common cause (15-17%).
Inverting what was seen in Elective admissions, for all Emergency subcohorts ‘Gl Per-
foration / Obstruction’ was the most common cause (38-42% of admissions), with ‘Gl

Surgery for Neoplasm’ the second or third reason most commonly cited (16-29%).
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nature of admission and level of support.
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Table 8.4: Top three reasons for critical care admission among CRC patients, stratified by

Rank Elective:

Monitoring

Elective: Single

Elective:
Multiple

Emergency:
Monitoring

Emergency:
Single

Emergency:
Multiple

Gl surgery for
neoplasm,
n=8448(57.3%)

Other
gastrointestinal
disorder,
n=3064(20.8%)

Gl perforation /
obstruction,
n=2498(16.9%)

Gl surgery for
neoplasm,
n=529(58.1%)

Other
gastrointestinal
disorder,
n=147(16.1%)

Gl perforation /
obstruction,
n=136(14.9%)

Gl surgery for
neoplasm,
n=980(55.2%)

Other
gastrointestinal
disorder,
n=348(19.6%)

Gl perforation /
obstruction,
n=261(14.7%)

Gl perforation /
obstruction,
n=1355(37.8%)

Gl surgery for
neoplasm,
n=1047(29.2%)

Other
gastrointestinal
disorder,
n=760(21.2%)

Gl perforation /
obstruction,
n=165(39.9%)

Gl surgery for
neoplasm,
n=82(19.8%)

Other
gastrointestinal
disorder,
n=80(19.3%)

Gl perforation /
obstruction,
n=402(42.2%)

Other
gastrointestinal
disorder,
n=165(17.3%)

Gl surgery for
neoplasm,
n=160(16.8%)
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8.3.4 Overall Survival - Short and Long Term

Among the total population, admission mortality was 6.5% (n = 1,456). Admission mor-
tality was 16% (n = 283) among Elective - Multiple and 35% (n = 335) among Emergency
- Multiple. Figure 8.6 demonstrates Kaplan-Meier (KM) estimates of overall survival for
the total population of patients with CRC admitted to critical care, where time zero
is day of admission to index hospital admission following CRC diagnosis, facetted by
short-term (2 months) and long term (5 year) estimates of survival probability. Within
this, 2 month estimate of overall survival (OS) was 94% (95% Cl 94-94%), one-year OS
was 85% (95% ClI 84-85%), and five-year OS was 59% (95% ClI 59-60%).

Figures 8.6 and 8.7 provide greater stratification of this overall population estimate.
Figure 8.6 provides estimates of overall survival that include in-hospital mortality and
long-term outcomes, facetted by nature of admission, and split by level of support
in hospital, resulting in 6 KM estimates in total. Figure 8.7 provides 6 KM estimates,
however for this figure only those who survived hospital admission are included, and
time zero is 30 days following hospital discharge. In the following description, each
estimate provided will first be from Figure 8.6 (all patients), then from Figure 8.7
(hospital survivors). For ease of reading, confidence intervals will not be in the text,

but are on the figures themselves.

In these stratified KM estimates, emergency admissions consistently had worse overall
survival than elective, and for both admission types ‘Multiple’ organ support days had
worse survival than those who received monitoring alone. This difference remained
present, but was less pronounced, in the Emergency subcohorts once difference in
hospital mortality had been accounted for. Within estimates that included and ex-
cluded hospital mortality, those who were admitted as an Emergency who did not
receive organ support in critical care, had worse overall survival estimates than those

admitted Electively who did experience ‘critical illness’ (receipt of multiple days of
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organ support). Elective - Monitoring patients had one-year overall-survival estimates

of 93% (also 93% among hospital survivors), contrasted against Elective - Multiple OS

estimates of 77% (90% among hospital survivors). These were greater than seen for

Emergency - Monitoring one-year OS estimates of 68% (74%), and Emergency - Multi-

ple of 51% (73%). The differences persisted at estimates of five-year overall survival.

For Elective - Monitoring five-year OS estimates were 69% (70%), where Elective -

Multiple was lower at 51% (59%). Emergency - Monitoring five-year OS estimates were

36% (40%), and Emergency - Multiple was 22% (33%).
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Figure 8.6: Kaplan-Meier estimates of overall survival for the total population of patients with
CRC admitted to critical care, facetted by short-term (two months) and long term (five-year)

estimates of survival probability.
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Cl (%) 100-100 79-83 75-79 66-70 58-63 53-58 48-53 Cl (%) 100-10056-62 48-54 35-42 30-36 24-30 19-25
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Figure 8.7: Kaplan-Meier long-term survival, stratified by days of organ support (0 / 1 / 24). Facetted by nature of admission. Includes in-hospital
mortality. Day 0 is admission to hospital.
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Figure 8.8: Kaplan-Meier long-term survival for CRC patients admitted to critical care who survived to hospital discharge, stratified by days of organ
support. Facetted by nature of admission. Excludes in-hospital mortality. Day 0 is 30 days following discharge from hospital.
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8.4 Results: SACT-eligible Analytic Cohort

As noted in the previous chapters of this thesis, and in Section 8.3.1, when all pa-
tients with CRC are included, each subcohort has significant differences in patient
characteristics. In relation to CRC specific measures, patients differ by cancer stage,
admitting specialty, and treatment undertaken. To extract estimates on the impact
of critical illness itself, the remainder of this chapter focuses on a population of pa-
tients more similar in baseline characteristics, with theoretically identical treatment
paths proposed. Details of patients included are shown in the CONSORT diagram in
Figure 8.3. Following the same stratification seen in Chapters 6 and 7, the remain-
der of this chapter focuses on adult patients with no maximum age, who had CRC
High Risk Il or Stage Ill disease at point of diagnosis, who received curative resection
of their cancer during their index-admission, and survived their hospital admission.
These patients should all be eligible for adjuvant SACT following their surgery. This
stratification was undertaken using additional details available in the QPI dataset,
which has fewer missing data on cancer stage than SMR06, although covers fewer pa-
tients and a smaller time-period. These patients are similar to those considered for
QPI 11 in Chapter 5, although QPI 11 uses an upper age limit that excludes those aged

75 and above.
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8.4.1 Demographics

Full details of patient characteristics are provided in Table 8.5. The aim was to iden-
tify a more homogenous group of patients suitable for comparison of cancer-related
outcomes. Within this population of SACT-eligible patients, Elective - Monitoring re-
mained the single largest subcohort accounting for 65% of all patients (n=1695). Emer-
gency - Monitoring was the second largest subcohort with 16% of all patients (n=416).
There were 216 Elective - Multiple patients (10.5% of elective admissions), and 119

Emergency - Multiple patients (20% of emergency admissions).
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Table 8.5: Characteristics of SACT-eligible adult colorectal cancer patients admitted to critical
care, stratified by days of organ support (0 / 1 / 2+).

Characteristic  Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Monitoring Single Multiple Monitoring Single Multiple
N=2,607 N=1,695 N=110 N =216 N =416 N =51 N=119
Age At 71(62,79) 70 (62,78) 71(63,78) 73(65,80) 72(63,80) 74(62,82) 73 (64,80) 0.143
Diagnosis
Sex 0.068
Male 1,440 942 (56%) 71 (65%) 128 (59%) 198 (48%) 28 (55%) 73 (61%)
(55%)
Female 1,167 753 (44%) 39 (35%) 88 (41%) 218 (52%) 23 (45%) 46 (39%)
(45%)
SIMD (quintile) <0.001
1 475 (18%) 285 (17%) 22 (20%) 45 (21%) 72 (17%) 14 (27%) 37 (31%)
2 493 (19%) 321 (19%) 20 (18%) 41 (19%) 85 (21%) 6 (12%) 20 (17%)
3 541 (21%) 343 (20%) 21 (19%) 52 (24%) 88 (21%) 10 (20%) 27 (23%)
4 532 (20%) 351 (21%) 24 (22%) 49 (23%) 81 (20%) 10 (20%) 17 (14%)
5 562 (22%) 393 (23%) 23 (21%) 29 (13%) 88 (21%) 11 (22%) 18 (15%)
Unknown 4 2 0 0 2 0 0
Additional <0.001
Charlson
Comorbidities
0 1,939 1,300 66 (60%) 145 (67%) 303 (73%) 38 (75%) 87 (73%)
(74%) (77%)
1 494 (19%) 303 (18%) 30 (27%) 47 (22%) 82 (20%) 10 (20%) 22 (18%)
2+ 174 (6.7%) 92 (5.4%) 14 (13%) 24 (11%) 31 (7.5%) 3 (5.9%) 10 (8.4%)
Dementia 18 (0.7%) 9 (0.5%) 1 (0.9%) 1 (0.5%) 7 (1.7%) 0 (0%) 0 (0%) <0.001
(Charlson)
Unknown 4 3 0 0 1 0 0
Clinical 2,027 1,222 77 (70%) 164 (76%) 404 (97%) 46 (90%) 114 (96%)  >100
Diagnosis (78%) (73%)
Unknown 11 11 0 0 0 0 0
Anatomic Stage 0.002
C 1,753 1,161 76 (69%) 145 (67%) 252 (61%) 37 (73%) 82 (69%)
(67%) (68%)
HRB 854 (33%) 534 (32%) 34 (31%) 71 (33%) 164 (39%) 14 (27%) 37 (31%)
Operation >100
During
Admission

Continued on next page



8.4. Results: SACT-eligible Analytic Cohort 329

Characteristic  Overall Elective Elective Elective Emergency Emergency Emergency Bayes
Factor
Monitoring Single Multiple Monitoring Single Multiple
N=2,607 N=1,695 N=110 N =216 N =416 N =51 N=119
One 2,216 1,483 88 (80%) 154 (71%) 367 (88%) 39 (76%) 85 (71%)
(85%) (87%)
Multiple 391 (15%) 212 (13%) 22 (20%) 62 (29%) 49 (12%) 12 (24%) 34 (29%)

Diagnosis To 42 (16, 68) 50 (34, 75) 55 (37,78) 50 (34,76) 0 (0, 10) 0 (0, 30) 0(0, 5) >100
Admission

(days)

Duration 10 (7, 16) 8(6,12)  11(8,18) 16 (10,32) 14(10,22) 17 (13,25) 27 (17,46) >100
Hospital Stay

(days)
Duration 3.00 (1.00, 2.00 (1.00, 4.00 (2.00, 5.00 (3.00, 3.00 (2.00, 4.00 (2.00, 6.00 (4.00, >100
Critical Care 5.00) 4.00) 6.00) 9.00) 4.00) 7.00) 12.00)

Stay (days)
APACHE Il Score 13.0 (10.0, 11.0 (9.0, 12.0 (10.0, 16.0(12.0, 11.0 (9.0, 10.0(8.0, 16.0(13.0, >100

16.0) 13.0) 14.0) 19.0) 13.5) 18.0) 19.0)
Unknown 2,122 1,492 75 118 372 36 29
Vasoactive 444 (17%) 0 (0%) 90 (82%) 204 (94%) 0 (0%) 41 (80%) 109 (92%)  >100
Support
Ventilated 183 (7.0%) 0 (0%) 24 (22%) 73 (34%) 0 (0%) 13 (25%) 73 (61%) >100
Renal 22 (0.8%) 0 (0%) 3(2.7%) 11 (5.1%) 0 (0%) 0 (0%) 8 (6.7%) >100
Replacement

Therapy
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In the original total population (Table 8.1) there was strong evidence of difference
between subcohorts in regards to Age, Sex, Additional Comorbidities, and Cancer
Stage, with Bayes Factor > 100. Within this SACT-eligible cohort, there was strong
evidence of no difference between subcohorts for all of these measures, with Bayes
Factors < 1. Median age for the SACT-eligible population was 71 (IQR 62-79), with 55%
male patients (n=1,440). 74% (n=1,939) of the overall population had no additional
comorbidities to cancer, 6.7% (n=174) had two or more additional comorbidities. All
patients in this SACT-eligible population had cancer stage recorded (being ineligible
for inclusion without stage recorded), with 67% (n=1,753) had Stage Il disease, and

33% (n=854) had High Risk Stage Il disease.

Following admission differences did persist between subcohorts, 15% (n=391) of the
overall population underwent multiple operations during admission. This was greater
in the critical illness subcohorts, with 29% (n=62) of Elective - Multiple patients un-
dergoing multiple operations, and 29% (n=34) of Emergency - Multiple patients. By
nature of definition of being SACT-eligible, there were no patients who did not re-
ceive an operation during their admission. Within the SACT-eligible population there

remained significant amount of missing data on APACHE Il (81%,n = 2,122).

Among patients receiving multiple days of organ support, the median duration was
the same for both elective and emergency admissions, with 3 (IQR 2-4) days of organ

support.
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8.4.2 Reason for Admission

Similar to reasons for admission observed for the total population in Table 8.4, in
Table 8.7 we see the reasons for admission to critical care in the SACT-eligible pop-
ulation. Again, ‘Gl surgery for neoplasm’ was the most common reason for elective
admissions (56-61%), and ‘Gl Perforation / Obstruction’ was the most common emer-

gency diagnosis (44-50%).

Table 8.7: Top three reasons for critical care admission among the SACT-eligible analytic
cohort, stratified by nature of admission and level of support.

Rank Elective: Elective:

Monitoring

Elective: Single

Multiple

Emergency:
Monitoring

Emergency:
Single

Emergency:
Multiple

Gl surgery for
neoplasm,
n=1029(60.1%)

Other
gastrointestinal
disorder,
n=310(18.1%)

Gl perforation /
obstruction,
n=306(17.9%)

Gl surgery for
neoplasm,
n=64(56.1%)

Gl perforation /
obstruction,
n=29(25.4%)

Other
gastrointestinal
disorder,

Gl surgery for
neoplasm,
n=151(59.9%)

Gl perforation /
obstruction,
n=48(19%)

Other
gastrointestinal
disorder,

Gl perforation /
obstruction,
n=192(44.4%)

Gl surgery for
neoplasm,
n=137(31.7%)

Other
gastrointestinal
disorder,

Gl perforation /
obstruction,
n=33(58.9%)

Other
gastrointestinal
disorder,
n=9(16.1%)

Gl surgery for
neoplasm,
n=8(14.3%)

Gl perforation /
obstruction,
n=84(50%)

Gl surgery for
neoplasm,
n=31(18.5%)

Other
gastrointestinal
disorder,

n=15(13.2%) n=42(16.7%) n=75(17.4%) n=26(15.5%)

8.4.3 Long-Term Survival, Conditional on Hospital Discharge

For the population of SACT-eligible patients, single and stratified estimates of overall
survival (including in-hospital mortality) are provided in Appendix E, Figures E.19 and

E.20.

Figure 8.9 demonstrates Kaplan-Meier estimates for overall survival (OS) for SACT el-
igible patients who survived hospital admission, where time zero is 30 days following
hospital admission. This figure is facetted by nature of admission and stratified by
level of support during admission. As seen in the total population, each emergency

subcohort has worse OS than its elective counterpart. Whilst the central estimates
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for OS follow the same pattern as the total population, with multiple days of organ
support having worse survival than monitoring alone, and no critical illness amongst
emergency admission having worse survival than critical illness during elective ad-

mission, there is overlap of 95% Cls.

For Elective - Monitoring one-year OS estimate is 94% (95% Cl 93-95%) for this SACT-
eligible population, contrasted against 88% (95% Cl 84-92%) for Elective - Multiple.
Emergency - Monitoring one-year OS estimate is 84% (95% Cl 80-88%), contrasted
against 81% (95% Cl 74-88%) for Emergency - Multiple.

At five-year OS estimates, Elective - Monitoring patients are estimated to have 70%
(95% CI 68-73%), and Elective - Multiple patients are estimated to have 59% (95% Cl
51-67%). Emergency - Monitoring patients are estimated to have 45% (95% Cl 40-52%)
five-year OS, with Emergency - Multiple patients estimated to have 36% (95% Cl 26-
52%).

These estimates of survival for SACT-eligible patients are similar to those seen for the
overall population. This is despite excluding patients with advanced disease and those
not receiving treatment with curative intent. Chapter 7, Figure 7.3 demonstrated a
marked difference in five-year OS when stratifying by treatment intent (Non-Curative
five-year OS 9%, Curative five-year OS 71%). It seems likely that the patients with
advanced stages of disease make up a small proportion of this critical care popula-
tion, even if significant amounts of missing data prevents accurate estimates of this.
Looking at either extreme of survival estimate and group size (Elective - Monitoring,
and Emergency - Multiple). Among the total population, conditional on hospital sur-
vival, five-year OS was estimated at 70% (95% Cl 69-71%) for Elective - Monitoring.

Among SACT-eligible Elective - Monitoring five-year OS was estimated at 70% (95% ClI
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68-73%). Among the total population, conditional on hospital survival, five-year OS
was estimated at 33% (95% Cl 29-37%) for Emergency - Multiple. When looking just at
SACT-eligible patients Emergency - Multiple five year OS was estimated at 36% (95%
26-52).
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Figure 8.9: Kaplan-Meier long-term survival for the SACT-eligible analytic cohort, stratified by days of organ support. Conditional on surviving the
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8.4.4 Cumulative Incidence of Adjuvant SACT

Figure 8.10 provides a single cumulative incidence (Cl) estimate of adjuvant SACT re-
ceipt for the SACT-eligible critical care population. Patients with in-hospital mortal-
ity have been excluded, subsequent post-hospital mortality is treated as a competing
risk. Time zero in this figure is date of curative surgical resection. Estimates of Cl
are provided at every four weeks following surgical resection, with 8 weeks (ESMO
recommended maximum duration from surgery to SACT), and 12 weeks (Scottish QPI
target at time of data collection) highlighted. Amongst the overall population, esti-

mates for probability of SACT Cl at 8 weeks was 40% (95% Cl 38-42%), and at 12 weeks

this rose to 53% (95% 51-55%).
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Figure 8.10: Cumulative incidence of receipt of adjuvant SACT among SACT-eligible hospital

survivors (single curve; death without SACT treated as a competing event).
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Using the same split as seen in KM plots above, Figure 8.11 demonstrated estimates
of SACT receipt for the six subcohorts, where the figure is facetted by nature of ad-
mission, and each facet is stratified by level of support during critical care admission.
95% confidence intervals are provided in the figure. The largest subcohort, Elective -
Monitoring, had estimates of 46% probability of SACT receipt at 8 weeks, rising to 59%
at 12 weeks. Among Elective - Multiple, 8 week probability of SACT receipt was 25%,
rising to 38% at 12 weeks. For emergency admissions, Emergency - Monitoring had 8
week probability of SACT receipt of 36%, becoming 49% at 12 weeks. For Emergency
- Multiple, 8 week probability of SACT receipt was only 14%, rising to the lowest 12
week estimate of SACT receipt at 27%.

Similar to the pattern seen for overall survival, those patients who received less than
2 days of organ support had Cl estimates that fell between those who received no
organ support, and those who received multiple days. Elective - Single had 12 week
probability of SACT estimated at 50%, Emergency - Single had 12 week probability of
SACT estimated at 45%. Considering this and the initial estimates provided in Chap-
ter 6, Figure 6.2, where 12 week SACT receipt estimates for patients who received any
organ support, was 41% for Elective - Organ Support, and 31% for Emergency - Organ
Support, does suggest some dilution of the initial findings by patients who received

organ support but were ‘more well’.
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8.5 Results: Receipt of Adjuvant SACT

Following adjustment for confounders, estimated total causal effect of critical illness
(receipt of multiple days of organ support, conditional on hospital survival), indicated
that critical illness decreases hazard of subsequent timely SACT receipt. Elective
- Multiple contrasted against Elective - Monitoring, had estimated median HR 0.59
(95% Crl1 0.48-0.71). Emergency - Multiple contrasted against Emergency - Monitoring,
had estimated median HR 0.43 (95% Crl 0.31-0.59). Each of these estimates were
associated with close to 100% posterior probability of being a clinically meaningful

difference. These results are provided in Table 8.8 and shown in Figure 8.12.

Accounting for confounders with the multivariable model, median predicted proba-
bility of adjuvant SACT receipt at 12 weeks, was 41% (95% Crl 36-47%) for Elective -
Multiple, and 56% (95% Crl 54-58%) for Elective - Monitoring. The central estimates
for these two subcohorts differ by approximately 14 percentage points at this time
point. For emergency admissions, predicted SACT receipt at 12 weeks was 28% (22-
34%) for Emergency - Multiple, and 48% (95% Crl 45-52%) for Emergency - Monitoring.
The central estimates for these two subcohorts differ by approximately 20 percentage
points at this time point. Predicted cumulative incidence of adjuvant SACT following
surgical resection is shown in Figure 8.13, with estimates and credible intervals for
each of the six subcohorts, at each four-week interval from surgery to twenty-four

weeks.
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A B . c D

— o — o — )
A Elective: Multiple days organ support (vs Elective monitoring in critical care)

B Elective: Single day organ support (vs Elective monitoring in critical care)

C Emergency: Multiple days organ support (vs Emergency monitoring in critical care)

D Emergency: Single day organ support (vs Emergency monitoring in critical care)

Figure 8.12: Multivariable Analysis Results - Posterior probability distribution of the hazard
ratio for receipt of adjuvant SACT, from multivariable time-to-event model using
uninformative priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates HR 1 (no effect)

Facet key provided for variable names and comparators

Table 8.8: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for receipt of adjuvant SACT, from multivariable time-to-event model using
uninformative priors, for the key variables of interest, with comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage of

(%) (%) Largest Effect Ex-
plained

Elective: 0.59 (0.48 - 0.71) 100.00 0.00 0.00 100.00 100% chance mean-

Multiple Days ingful reduction

vs Elective: Monitoring

Elective: 0.74 (0.57-0.93) 99.56 7.96 0.00 92.04 92.04% chance mean-

Single Day ingful reduction

vs Elective: Monitoring

Emergency: 0.43 (0.31-0.59) 100.00 0.00 0.00 100.00 100% chance mean-

Multiple Days ingful reduction

vs Emergency: Monitoring

Emergency: 0.67 (0.46 - 0.96) 98.56 8.12 0.09 91.79 91.79% chance mean-

Single Day ingful reduction

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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8.5.1 Sensitivity Analysis, Validity, Posterior Predictive Checks

As sensitivity analyses, models were repeated using pessimistic, optimistic, and scep-
tical priors. No model prior choice meaningfully changed central estimates for the
effect of critical illness. Results of these analyses are provided in Appendix E.2 in

Figure E.21 and Table E.21.

Measures of chain convergence and estimated sample size are provided in Table E.22.
All chains converged well with R close to 1 and ESS > 20,000. Similarly posterior
predictive check demonstrated good fit between observed data and that drawn from

the posterior distribution.

8.6 Results: Five-Year Survival

Following adjustment for confounders, estimated five-year overall mortality among
hospital survivors, is increased among those who experienced critical illness during
their index admission. This estimate persists despite the population comprising solely
of those who survived hospital admission. Elective - Multiple, contrasted against Elec-
tive - Monitoring, had estimated median HR of 1.43 (95% Crl 1.14-1.79). For patients
admitted emergently, the impact of emergency admission appears greater than any
effect of level of support during admission. The statistical model that resulted from
the proposed DAG, allows for comment on the causal impact of nature of admission,
as well as critical illness. Estimated direct effect of emergency admission (excluding
the pathway between nature of admission and critical illness) is associated with HR of
overall mortality of 2.21 (95% Crl 1.87-2.61), with close to 100% posterior probability
of meaningful increased hazard. Emergency - Multiple, contrasted against Emergency

- Monitoring, has estimated median HR of 1.07 (95% Crl 0.81-1.4). However, whilst
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the posterior probability of any hazard from critical illness is estimated at 68%, the
majority of this (65%) is considered to be in the region of practical equivalence.
These posterior probability estimates of HR are provided in Table 8.9 and shown in

Figure 8.14.

Median predicted overall survival, with credible intervals, is provided for each of
the subcohorts in Figure 8.15. Median predicted probability of five-year overall sur-
vival, was 68% (95% Crl 66-71%) for Elective - Monitoring, and 59% (95% Crl 52-65%)
for Elective - Multiple. For patients admitted electively who had undergone curative
resection of CRC (High Risk Il and Stage lll) at reference covariate values, the central
estimates for these two subcohorts differ by approximately 9 percentage points at
five years. For patients admitted as an emergency, predicted overall survival is lower
than all elective subcohorts, although the central estimates for Emergency - Monitor-
ing and Emergency - Multiple differ by less than the 3 percentage point absolute-scale
threshold for a clinically meaningful effect adopted in this chapter. Median predicted
probability of five-year overall survival, was 44% (95% Crl 39-49%) for Emergency -
Monitoring, and 42% (95% Crl 34-50%) for Emergency - Multiple. For patients admitted
emergently who had undergone curative resection of CRC (High Risk Il and Stage lll)
at reference covariate values, the central estimates for these two subcohorts differ

by approximately 2 percentage points at five years.

With the caveat that it excludes the causal pathway where those admitted as an
emergency are more likely to experience critical illness, and so underestimates the
total causal effect; the central estimates for Elective - Monitoring and Emergency
- Monitoring at five years, for patients who underwent curative resection of CRC
(High Risk Il and Stage Ill) during admission at reference covariate values, differ by

approximately 24 percentage points.
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5 =

A Elective: Multiple days organ support (vs Elective monitoring in critical care)

B Elective: Single day organ support (vs Elective monitoring in critical care)

C Emergency: Multiple days organ support (vs Emergency monitoring in critical care)
D Emergency: Single day organ support (vs Emergency monitoring in critical care)

Figure 8.14: Multivariable Analysis Results - Posterior probability distribution of the hazard
ratio for five-year overall survival, from multivariable survival model using uninformative
priors, for the key variables of interest
Light blue shaded region indicates region of practical equivalence
Vertical line indicates HR 1 (no effect)

Facet key provided for variable names and comparators

Table 8.9: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival, from multivariable survival model using
uninformative priors, for the key variables of interest, with comparator provided beneath

Variable Median Crl PD ROPE Increase Decrease Percentage of

(%) (%) Largest Effect Ex-
plained

Elective: 1.43 (1.14-1.79) 99.89 3.16 96.84 0.00 96.84% chance mean-

Multiple Days ingful increase

vs Elective: Monitoring

Elective: 1.15 (0.84 - 1.56) 81.69 46.11 50.98 2.90 50.98% chance mean-

Single Day ingful increase

vs Elective: Monitoring

Emergency: 1.07 (0.81-1.4) 67.63 64.72 29.59 5.69 29.59% chance mean-

Multiple Days ingful increase

vs Emergency: Monitoring

Emergency: 1.05 (0.71 - 1.5) 60.23 54.72 31.49 13.79 31.49% chance mean-

Single Day ingful increase

vs Emergency: Monitoring

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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8.6.1 Sensitivity Analysis

Models were repeated using pessimistic, optimistic, and sceptical priors. No model
prior choice meaningfully changed central estimates for the effect of critical illness,
or nature of admission. Results of these analyses are provided in Appendix E.4 in

Figure E.23 and Table E.24.

Measures of chain convergence and estimated sample size are provided in Table E.25.
All chains converged well with R close to 1 and ESS > 20,000. Similarly posterior
predictive check demonstrated good fit between observed data and that drawn from

the posterior distribution.

8.7 Discussion

8.7.1 Principal Findings and Comparison with Literature

This chapter identified 22,399 patients admitted to critical care during their index
admission following CRC diagnosis, 51% of the total population (43,773) diagnosed
with CRC over the time period. 2,729 patients experienced critical illness, defined as
multiple days of organ support, accounting for 12% of all patients admitted to critical
care and 6% of all patients diagnosed with CRC. Where previous work by Puxty et al.
2015 noted that CRC accounts for a high proportion of solid cancer admissions to ICU

(44%), this work clarifies that only a small proportion of these patients are likely to
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be critically ill. Chapter 4 noted that the majority of patients following CRC surgery
are admitted to critical care, the finding of this chapter that 12% of critical care
admissions received multiple days of organ support is similar to the 10% noted by

Dale et al. 2016.

Hospital mortality for all patients with critical illness was 22% among all patients
with critical illness (16% among Elective, 35% among Emergency). Hospital mortality
for CRC patients with critical illness is seen to be notably lower than the 38% hospital
mortality seen among all solid-cancer ICU admissions seen by Puxty et al. 2014, and

closer to the 16.6% for all ICU admissions reported by ICNARC (ICNARC 2024).

The proportion of patients with advanced disease is likely to differ dependent on the
health care system studied, Camus et al. 2014 noted 70% of their ICU CRC admissions
had metastatic disease. In this chapter approximately 12% of patients admitted to
critical care had Stage IV disease recorded, close to the 9% observed previously by
Puxty et al. 2015. However as noted, information on stage of disease in this study
is significantly limited due to missing data. Stratification by stage of disease and
intervention received, as this chapter does when investigating patients with High
Risk Stage Il and Stage Il CRC, who receive curative surgical resection, successfully

allows for a more homogenous population for study.

In this population of patients with CRC admitted to critical care, considered adjuvant
SACT-eligible, key differences are observed during hospital admission, and in both
short and long-term patient outcomes. Patients admitted as an emergency appear
on a different disease and treatment trajectory at the point of admission to critical
care. The most common reason for emergency admission is following Gl perforation or

obstruction, in contrast to those admitted electively following surgery for their CRC.
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Differences in hospital mortality are noted as above, and once conditioning for only
those who survive hospital admission, emergency patients had a smaller proportion
who receive adjuvant SACT, and survive at each year of follow up, when contrasted

against those admitted electively.

This chapter aimed to investigate two key questions of interest:

1. What is the causal effect of critical illness on subsequent receipt of adjuvant
systemic adjuvant anti-cancer therapy (SACT), in patients with High Risk Stage
Il and Stage lll disease who have undergone surgical resection, conditional on
hospital survival.

2. What is the causal effect of critical illness on long term overall survival, in the
same cohort of patients as the above estimand, again conditional on hospital

survival.

To address question one, among the total cohort of patients admitted to critical care,
eligible for SACT, there was a 53% probability of receiving adjuvant SACT in the 12
weeks following surgical resection. For elective patients with critical illness, esti-
mated HR of SACT receipt was reduced to 0.59 (95% Crl 0.48-0.71). This resulted in a
predicted probability of 41% of adjuvant SACT receipt for elective patients with criti-
cal illness. For emergency patients with critical illness, estimated HR of SACT receipt
was reduced to 0.43 (95% Crl 0.31-0.59). This resulted in a predicted probability of

28% of adjuvant SACT receipt for emergency patients with critical illness.

When we consider the median length of stay in hospital was greater for patients with
critical illness, it appears likely that length of stay is a meaningful mediator on this
causal path. However noting the observed cumulative incidence of SACT prior to any
modelling, SACT receipt is not only delayed, but also occurs less overall among the

critical illness subcohorts.
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In contrast to the limited wider literature on SACT receipt following critical illness,
Kim et al. 2015 noted an association between ICU admission and adjuvant SACT omis-
sion (HR 2.4), but did not stratify further by severity of illness, and did not identify
an association with timing of SACT receipt. This work involves a cohort approximately
three times greater in size (2,607 unique patients in contrast to 750), with some key
differences in population and outcomes, Kim observed a ratio of patients with Stage Il
to Stage lll disease of 0.73:1, this chapter’s cohort has a ratio of 2.05:1. Additionally
Kim et al. 2015 investigated SACT receipt for all patients with resection, including
those treated outwith intensive care. Last they studied a different health care sys-
tem (Korea), with likely different patterns of care and SACT receipt than Scotland.
Considering the stronger recommendation for adjuvant SACT in Stage lll disease, the
relationship between critical care admission and reduced SACT, and the different
health care settings, these may have contributed to the differences in proportions of
overall SACT receipt observed (40% at 8 weeks in this chapter, compared to their 75%

at 8 weeks).

Kim’s methods were closer to what was performed in earlier chapters in this the-
sis (univariable screening, followed by multivariable regression). Their multivariable
model also did not include nature of admission (likely resulting in emergency ad-
missions being more represented in the intensive care group), potentially increasing
any estimated effect of ICU admission. With those methodological differences noted,
their observed association of ICU admission with SACT omission was OR 2.4 (95% ClI
1.6-3.7), so an inverted description would be an association with SACT receipt of OR
0.42 (95% Cl 0.27-0.63). | estimated relationship of critical illness with timely SACT
receipt as HR 0.59 (95% Cr1 0.48-0.71) for elective patients, and HR 0.43 (95% Crl 0.31-
0.59) for emergency patients, both estimates with a posterior probability of close to
100% of a clinically meaningful effect. These results are consistent with one another,

and differences can be likely explained by the factors noted above.
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The estimates provided by this chapter have the advantages of: being causal estimates
of relationship of critical illness, with a greater clarity of accounting for severity
of illness, demonstrating an effect on both receipt and timing of SACT, and greater
relevance to an NHS Critical Care environment, being based on population data from

a Scottish cohort admitted to critical care with a larger sample than previous work.

In this chapter | suggest that reduced timely receipt of SACT could be due to multiple
pathways, that include greater length of hospital stay, and greater post-operative
complications. However without a greater level of mediation analysis, it is not pos-
sible to investigate further relative contribution of any such pathways. Merkow et
al. 2013 noted in an North American cohort of patients with Stage Ill CRC, that of
those who did not receive adjuvant SACT, there was a greater proportion of patients
who experienced what they described as ‘post operative complications’, including:
prolonged ventilation (definition of prolonged not provided in their paper), renal fail-
ure, pneumonia, and reintubation, as well as anastomotic leak, and abscess. The level
of detail available through SICSAG, and SMRO1 would allow for further investigation
of most of these pathways, and the associations/potential pathways suggested by

Merkow et al. 2013 could be investigated in future work in this Scottish cohort.

In regards to the clinical relevance of the findings of reduced timely SACT receipt, as
noted before, ESMO guidance suggest that adjuvant SACT receipt improves long-term
overall survival for patients with CRC, with a 3-4% reduction in mortality for patients
with High Risk Stage Il disease, and a 15-20% reduction in mortality for patients with
Stage Il disease (assuming receipt of two agents) (Argilés et al. 2020). Time of SACT
receipt is also important, with well established relationships between delayed SACT
receipt and reduced overall survival (Knapen et al. 2020; Des Guetz et al. 2010; Hanna
et al. 2020). The work in this chapter demonstrates that critical illness is associated
with both reduced and delayed receipt of adjuvant SACT, with those experiencing
critical illness having a 14-20 (depending on nature of admission) percentage point

absolute reduction in SACT receipt at 12 weeks post resection (the historic Scottish
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target of timely receipt). Whilst 12 weeks is a historic target, now accepted to be too
lax, and current Scottish targets follow ESMO recommendations of 8 weeks, a similar
reduction in timely SACT receipt is also observed in this cohort at the 8 week time
point (Healthcare Improvement Scotland 2025; Argilés et al. 2020). This reduction is
a potential partial explanation for the reduction in overall survival among survivors

of critical illness observed below.

To address question two, using the same cohort as above, where differences in Stage,
Comorbidity, (and whilst unmeasured, other factors such as Frailty are likely par-
tially) accounted for. Unadjusted Kaplan-Meier estimates of five-year overall survival
among the total cohort was 70%. For elective patients with critical illness, estimated
HR of mortality was increased to 1.43 (95% Crl 1.14-1.79). This resulted in a predicted
probability of 59% of five-year survival for elective patients with critical illness. For
emergency admissions (regardless of critical illness), estimated HR of mortality was
2.21 (95% Crl 1.87-2.61), resulting in predicted five year survival, for patients ad-
mitted as an emergency without critical illness, of 44%. There was not a meaningful
decrease further in survival, when investigating patients with both emergency ad-
mission and critical illness. Estimated HR of mortality for these patients, contrasted
against emergency without critical illness was 1.07 (95% Crl 0.81-1.4), with a posterior
probability of 65% of no clinically meaningful difference, and a predicted five-year

survival of 42%.

As noted, the potential pathways that could explain the observed causal effect may
include: reduction in timely SACT receipt as observed above, reduction in overall
health quality and physical function (as would be seen with PICS, or post hospi-
tal frailty). The no meaningful difference seen contrasting Emergency - Monitoring
against Emergency - Multiple, may be due to there truly being no additional burden
of critical illness to those who have already experienced emergency hospital admis-

sion (as emergency admission is associated with an HR > 2), or residual confounding
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that this analysis was unable to account for, or related to the fact that Emergency -
Multiple was the smallest subcohort (n = 119), with 23% of the subcohort lost to cen-
soring at three years, and 46% lost by five years, resulting in wide credible intervals

(95% Crl 0.81-1.4).

8.7.2 Strengths

The work of this chapter builds on the estimates provided by the preceding chapters
in this thesis. Results of previous chapters were partially limited in two ways. First
they considered all receipt of organ support as ‘critical illness’, likely including more
well patients and diluting any association between critical illness and patient out-
comes. This chapter supports that assumption of dilution. In both measures of SACT
receipt and survival, observed values and estimates for patients who received less
than two days of organ support sit between the values of ‘Monitoring’ and ‘Multiple’.
These patients who received some, but not extensive amounts of organ support, do
appear more sick than those who received no support, but less sick than those who
received multiple days. The second related limitation was the design of each statisti-
cal model. Whilst undertaken using well established techniques, the methods of uni-
variable screening again risked providing underestimates of any association between
critical illness and patient outcomes. In this chapter, addressing both limitations,

associations which were previously obscured are now identified.

Where Chapter 6 investigated SACT receipt, and delay to commencing SACT into two
separate binomial models, this chapter uses the more appropriate choice of cumu-
lative incidence modelling, building on the experience gained during Chapter 7. The
predicted curve of Cl provides information both on delays in commencing SACT, and
also on SACT omission, within the single model. Chapter 6 could state a 66.5% prob-

ability of association between Elective - Organ Support and reduced SACT receipt,
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and an 84% probability for Emergency - Organ Support. Following th above improve-
ments in cohort definition, causal inference, and model selection, this chapter can
state a close to 100% probability of decreased hazard of timely SACT receipt, for both

Elective and Emergency patients who experience critical illness.

Similarly where Chapter 7 investigated long term survival, the same dilution effect
when defining critical illness was present. Within this chapter, cohort definitions are
more strong. From a causal inference perspective, the second set of modelling in
Chapter 7, which aimed to account for differences in baseline characteristics, in-
advertently adjusted for a ‘post-treatment’ variable (including only those who had
received adjuvant SACT). In doing so that model blocked any causal path between
critical illness and survival that was mediated by differences in SACT receipt. With
the stronger cohort definition, and reframing of the model question using a causal
framework, this chapter is able to positively identify the increased long term haz-
ard of mortality for elective patients who experienced critical illness (HR 1.43 95%
Cr1 1.14-1.79), with a posterior probability of a meaningful increased hazard of 97%,
that Chapter 7 did not identify. It may be tempting to point at the difference in re-
sults between this chapter, and the results of the SACT-received cohort in Chapter 7,
treat that as a mediation analysis, and pin the causal pathway of reduced survival
on SACT-receipt. However there are multiple other differences in variable and co-
hort selection between these two models, that prevent a clean interpretation in that

manner.

8.7.3 Limitations

The work of this chapter builds on the prior chapters, and gains methodological rigour
with its clarity of estimand and causal framework. In prioritising the total causal ef-
fect however (or rather, the total causal effect conditional on hospital survival), more

precise assessment of the impact of each causal pathway is lacking. In the paragraphs
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above | mention that causal pathways between critical illness and long term survival
could include the mediator of subsequent SACT receipt. Similarly for timely SACT re-
ceipt itself duration of hospital stay could likely act as a mediator. Formal mediation
analysis could provide quantification of the estimate of each mediators direct effect
on the outcome of interest. Due to time and data availability constraints, this chap-
ter was not able to undertake these analyses and provide such estimates. As a result
this chapter can only comment on the observed impact due to critical illness, and
not on which mechanisms this impact emerges from. Any future work that aimed to
derive interventions to improve SACT receipt or long-term survival, would first need
to clarify these mechanisms further. This chapter is only able to say critical illness
has an impact on SACT receipt and long-term survival, it cannot say ‘why’ critical

illness has that impact, or how to fix it.

Future work using this dataset could investigate some but not all mediators, mul-
tiple operations, re-intubation, or later reintroduction of organ support as proxies
for post-operative complications. A cohort collected of patients from 2020 onwards
would provide SICSAG records of clinical frailty, and records already in this dataset
such as later hospital diagnoses, and prescribing information could allow for crude

approximates of post-hospital frailty and performance status.

This chapter uses an imprecise definition of critical illness, which could arguably be
improved upon using more formalised metrics of disease severity such as APACHE II.
As noted, APACHE Il information is not recorded for all patients admitted to critical
care, and is not missing at random, with a high proportion of stand-alone high de-
pendency units not recording severity of illness scoring (SICSAG 2014). As a result, a
more precise definition of critical illness, or comparison of APACHE Il scores between
subcohorts was not possible for this chapter. Within this chapter critical illness was
defined as those who received multiple days of organ support, to exclude those pa-
tients admitted to critical care still recovering from the surgical intervention they

had undergone, who received less than 24 hours of organ support. Whilst this defini-
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tion does exclude those more ‘well’ patients, it will also exclude those who were so
critically unwell that they died in the first 24 hours of their admission to critical care,
and risk inflating any estimated impact for the ‘Single’ day cohort of organ support
(in regards to hospital mortality and long term outcomes) | aim to partially account
for this, by limiting most analyses to those who survived admission, and restricting
any comparisons to between the ‘Monitoring’ and ‘Multiple’ days of organ support

groups.

Linking the definition of ‘critical illness’ to the place that care was provided (high
dependency and intensive care) is standard practice among the literature published so
far on cancer and critical illness. This chapter has aimed to build on such a definition.
Another noteworthy limitation is the unstated assumption in this thesis that access to
critical care, and decision-making about admission to critical care, is uniform across
Scotland. Many working in intensive care (myself included) would argue that decision-
making about admission to critical care is not uniform within a single intensive care
unit, let alone across a nation. Further work that investigates admission practices
across multiple units, could use hierarchical modelling to take such differences into

account.

The choice to restrict analyses to those who survived admission has its own limita-
tions, as described above in Section 8.2.5. As noted in that section, | attempt to
partially account for the selection bias that arises due to the unmeasured confounder
of frailty, through restriction to a population that is similar in disease stage, and
decision to undergo surgical intervention. Of note, estimates of impact of critical ill-
ness on long term survival in this chapter are the estimates conditional on hospital
survival. Subtracting the impact of critical illness on hospital mortality may provide
more meaningful information on hospital survivors, but it does also bias any estimates

of causal effect towards the null.
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As noted in the limitations of Chapter 7, Section 7.5.1 the analyses of long-term
survival in this chapter were limited by relatively small groups and large amounts of
censoring. In that chapter, | was unable to identify any relationship between critical
illness and long term survival for a homogenous group of hospital survivors. Reducing
time to follow-up, to three years would have reduced the proportion lost to follow-
up, but not changed any estimates on survival, considering the models chosen still
included the information provided at three-years. In this chapter, with better framing
of the causal question of interest, and greater care to not block causal pathways, | am
able to demonstrate the probable residual causal impact after surviving critical illness
on reduced long term survival. Due to the previously mentioned constraints on data
availability | was unable to explore whether differences were seen for the question
of disease-free survival. Considering the recommendation from ESMO to use overall
survival as the most patient-centred outcome, | felt that the observed relationship
seen for elective patients and overall survival was the most meaningful outcome point

| was able to provide.

When describing the overall effect of critical illness both on SACT receipt and overall
survival, hazard ratios provided include measures of uncertainty with credible inter-
vals taken from the posterior distribution. In this chapter | provide point descriptions
of the percentage differences in predicted survival and SACT receipt. These measures
do not include full sampling from posterior distribution to provide a similar range of
likely impact, and as such do not take full advantage of the nature of the Bayesian
modelling undertaken. As such these point estimates should be considered illustra-
tive, where the HR with credible intervals should be considered the more precise

results.
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8.8 Conclusion

In this chapter | have observed reductions in SACT receipt and long term survival
(both including and excluding hospital mortality), for patients considered eligible
for adjuvant SACT following curative resection of CRC with critical illness. These
observed differences persist after accounting both for differences in hospital survival,
and for other likely confounders. This chapter provides evidence for likely causal
effects, although does not provide mediation analysis describing the likely impact of

each causal pathway. Such analyses would be a natural progression for future work.

For the intensivist, oncologist, surgeon and patient: critical illness is relatively com-
mon for patients with CRC, although maybe less so than less precise initial estimates.
10% of elective admissions to critical care experience multiple days of organ sup-
port, as do 19% of emergency admissions to critical care. In hospital mortality is high
for these patients with CRC and critical illness, ranging from 16-35% depending on
nature of admission. These values are comparable to non-cancer patient populations
with critical illness, and lower than seen among other cohorts of patients with critical

illness and other solid organ cancers.

When including in-hospital mortality, unadjusted estimates of five-year survival are
markedly lower than the population average for CRC of ~60%, ranging from 22-51%

for those who experienced critical illness,

When conditioning on hospital survival, an observed difference remains. The largest
‘well‘ subcohort (Elective - Monitoring) had five year survival of 70%, the estimates
for survival among critical illness survivors ranged from 33-59%. When investigating
the persisting causal impact of critical illness on long term survival (among hospital

survivors), on patients with potentially curative disease (High Risk Stage Il and Stage
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[l CRC who had undergone curative resection), we can estimate a highly probable
(97%) clinically meaningful causal impact of critical illness on mortality for elective
patients, with median HR 1.43, and a reduction in predicted absolute five-year over-
all survival of 9%. Emergency admissions’ estimated direct effect on mortality, is an
HR of 2.2. This likely overwhelms any additional impact of critical illness for patients
admitted emergently, as this work fails to demonstrate any clinically meaningful dif-
ference comparing emergency patients with critical illness and emergency patients

without.

One potential causal pathway that would result in this reduction in overall survival,
is the causal relationship seen between surviving critical illness and reduced timely
SACT receipt. Surviving critical illness is estimated to have a causal impact on timely
SACT receipt, with an HR of 0.59 for elective patients for critical illness, and an
HR of 0.43 for emergency patients with critical illness. These estimates of hazard
result in meaningful differences in timely SACT receipt. Where observed adjuvant
SACT receipt at 12 weeks post resection was 53% for all eligible patients, predicted
SACT receipt for elective critical illness survivors was 41%, and for emergency critical

illness survivors was 28%.

Patients with CRC and critical illness are common, they have increased in-hospital
mortality, and increased risk of mortality that persists in the long-term despite sur-
viving critical illness. They are less likely to experience timely adjuvant SACT receipt
that has previously been demonstrated to provide long term survival benefit. It is pos-
sible that this difference, and multiple other causal pathways explain this meaningful

difference in this patient-centred outcome of long term mortality.
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Causal methods in this chapter have resulted in a revised, increased estimate of haz-
ard of mortality for survivors of critical illness with CRC. These methods have resulted
in the first provided causal estimates for the impact of critical illness on subsequent
CRC care and long-term outcomes. They have also set the foundation for future work,
of mediator analysis, describing causal pathways at a level of detail that would allow

for future focused interventions.



Chapter 9

Reflection and Conclusion

9.1 Introduction

Throughout this thesis, each chapter has had its own discussion and conclusion. Key
results and reflections will be revisited in this final chapter, rather than an exhaustive

list of all results.

In this chapter | also aim to reflect on choices made throughout this thesis. Through
the experience | have gained over the last four years, there are numerous decisions
made that | would approach differently if starting again. | describe where the findings
of this work adds to the current literature. In noting where this work contributes,
| also highlight the clear next steps that could follow this work, with the aim of
improving care for both patients with colorectal cancer, and critical illness survivors

more generally.

359
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9.2 Summary of findings

In this thesis | examined records kept of all patients with colorectal cancer (CRC)
in Scotland diagnosed between 2006 and 2018, linking these patients to their first
admission to hospital following diagnosis, stratifying them both by the nature of their

admission, and the level of support that they received during their hospital stay.

With this population and its subcohorts, | described patients’ characteristics, and
investigated their outcomes in subsequent cancer care quality, cancer care receipt
and intensity, and long term overall survival. In Chapter 8, | focused investigation onto
just patients admitted to critical care, and used a more strict definition of ‘critical

illness’ to explore further its causal impact on patient outcomes.

Of the solid organ cancers, CRC is a common cause of hospital and critical care ad-
missions. In this thesis | identified a cohort of ~46,000 patients diagnosed in Scot-
land with CRC over a 12-year period. Unfortunately the majority of patients were
diagnosed following clinical presentation (83%), rather than asymptomatic screen-
ing (13%). From the method of diagnosis onwards, differences in patients’ cancer
journeys emerge. The majority of patients diagnosed through screening are treated
in hospital electively (97%), where operative intervention, and treatment in critical
care for monitoring alone are the most common treatment routes for patients. 53%
of patients admitted electively were admitted to critical care for monitoring (n =
14,756), with hospital mortality rate of 1.6% (n = 232). In contrast the average hos-
pital mortality rate for all patients with CRC, defined as including hospital admission

and the subsequent 30 days, was 12% (n = 5,388).
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It is this subcohort of patients admitted electively, treated in critical care with moni-
toring alone, who were most consistently observed to experience the greatest cancer

care quality, and most favourable long term patient-centred outcomes.

Patients were more frequently treated in critical care with monitoring alone than
with organ support. Patients receiving organ support accounted for 9% of hospital
admissions, and 18% of all critical care admissions. For elective patients, the ratio of
those receiving monitoring alone to receiving organ support was 5.5:1 (2,687 elective
patients received organ support). For patients admitted emergently, the ratio was

2.6:1 (1,367 patients received organ support).

Hospital mortality was greatest for those who received organ support, 13% for elective

patients with organ support, and 32% for emergency patients with organ support.

For most of this thesis, investigation into long-term outcomes focuses on hospital sur-
vivors. Differences in screening rates were not the only differences in characteristics
between subcohorts, patients admitted emergently were older, more comorbid, and
more socioeconomically deprived. Looking at those who received organ support in
critical care, patients were more comorbid, and underwent greater number of op-
erations during hospital admission. Hospital length of stay was longer for those who

were admitted emergently, and for those who received organ support.

Noting differences between subcohorts, it becomes apparent that multiple factors
are likely relevant in a patient being treated outside of critical care. It is not simply
the case that ward level subcohorts are comprised of patients ‘too well’ for critical
care. Decisions about (in)appropriateness of treatment escalation are likely also being
made. Patients treated at a ward level, particularly during emergency admissions,
are older, more comorbid, less frequently treated by surgeons or receive resection,

and appear likely to have greater proportion of Stage IV disease (although the large
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proportion of missing data for disease stage has been recognised as a limitation of
this thesis). Ward cohorts, particularly during emergency admissions, likely reflects
the mix of those truly ‘too well’ for critical care, but also those considered ‘too sick’.
As such patients treated in critical care with monitoring alone were considered the

baseline comparator in subsequent analyses.

This thesis is the first to use national cancer care quality performance indicators,
to assess care quality for survivors of both cancer and critical illness. | observed
that whilst Elective - Monitoring patients attained >75% of CRC QPI targets, elec-
tive patients who experienced organ support attained only 33%, and emergency pa-
tients with organ support attained even fewer, with 21%. Investigating timely ad-
juvant chemotherapy (SACT) post curative resection (QPI 11), after adjustment in
multivariable analysis, | observed an association between organ support receipt and
decreased attainment of QPI 11, with an OR of 0.56 of attaining QPI 11 for elective
patients with organ support, and OR of 0.42 for emergency patients with organ sup-
port. Both of these estimates could be stated to have a posterior probability of close
to 100% of reaching a clinically meaningful difference. However these values should

also be considered non-causal associations.

Whilst QPI 11 assesses timely adjuvant SACT receipt for patients who had undergone
curative resection of High Risk Stage Il and Stage lll disease, as a metric it has its own
limitations. The version of QPI 11 that was in place when this cohort of patients were
being treated, was a target of SACT receipt within 12 weeks of surgical resection. This
was not in keeping with the now internationally accepted target of 8 weeks. Second
QPI 11 excludes those patients aged greater than 74. In this thesis, among patients
admitted to critical care following curative surgical resection for CRC, the median
age was 71 (IQR 62-79). As a result in subsequent analysis | investigated SACT receipt,
SACT delay, and other measures of SACT intensity for all eligible adult patients.
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Patients who survived organ support in critical care had substantially lower propor-
tions of eventual adjuvant SACT receipt following surgical resection. Among the total
cohort of eligible patients, 57% received adjuvant SACT. Among elective patients who
experienced organ support, 43% (n=141) received adjuvant SACT. This dropped fur-
ther for emergency patients with organ support, where 35% (n=59) received adjuvant
SACT. Plotting the cumulative incidence of SACT receipt, the reduced proportion in
SACT receipt for those who received organ support, was observed both at 8 and 12
week timepoints. Whilst multivariable analyses were undertaken in this chapter for
SACT receipt and SACT delay, such analyses were repeated with greater methodolog-
ical justification in the final chapter, and | will present those results towards the end

of this summary.

As well as SACT receipt and delays commencing SACT, | aimed to investigate several
other proxy measures for SACT intensity. There were no observed unadjusted differ-
ences between subcohorts for these measures (proportions of patients receiving single
agent versus dual agent therapy, experiencing dose delay during SACT course, or total
course length) and there was evidence for no difference. In multivariable models, for
patients admitted electively who experienced organ support, there was an estimated
75% probability of decreased SACT intensity in one measure (an increased likelihood
of single agent therapy rather than dual agent). This result should be considered very
cautiously, both due to the level of certainty in the estimate, and the limitations of

the analyses.

This thesis chose to investigate both reductions in SACT receipt, and delays starting
SACT, as these measures have previously been demonstrated to be associated with
differences in long term survival. The key question of this thesis is whether critical
illness has persisting impact on long term cancer outcomes after surviving hospital
admission. As Chapters 5 and 6 demonstrated reduced likelihood of receiving planned
SACT amongst survivors of critical illness, Chapter 7 aimed to investigate differences

in long term survival.
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Among the total cohort of hospital survivors with CRC, of all disease stages, | ob-
served five-year (overall) survival in keeping with published Scottish estimates. Five
year survival for the total cohort of hospital survivors was 52%. Patients admitted
electively and admitted to critical care for monitoring alone, remained the group
with best long term outcomes, with unadjusted five-year survival estimates of 70%.
Those who experienced organ support in hospital had lower five-year survival, with

elective patients having 61%, and emergency patients only 34%.

| first investigated patients of all disease stages, and subsequently a more homogenous
cohort of patients who had received ‘curative resection and adjuvant SACT’. Within
these | estimated a persisting hazard of critical illness on long term survival for the
cohort of all disease stages. | did not observe any association between critical illness
and long term survival among the more homogenous cohort. However, similar to the
models of SACT receipt and SACT delay, several methodological limitations resulted
in me undertaking further improved survival analysis in the final chapter, with results

of these provided at the end of this section.

In the last chapter | made changes both to subcohort definitions, and the methods
used to provide model estimates for each question of interest. Continuing to consider
those who received monitoring in critical care as the ‘well’ comparator, | restricted
the overall cohort to those admitted to critical care, excluding ward level patients.
Accepting that some patients with organ support were potentially not ‘critically ill’, |
restricted the organ support subcohort to those who received multiple days of critical
care. Acknowledging that estimates of association could be more informative if using
methods from causal inference, | undertook analyses that resulted in causal estimates

of each question of interest.
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After these changes, | observed that 12% of patients with CRC admitted to critical
care met the definition of critical illness, in contrast to 18% of patients in critical
care meeting the previous definition. Hospital mortality for this critical illness cohort
was 22% (16% for elective patients, 35% for emergency) in contrast to 20% among

those with the previous definition.

| estimated a reduced hazard of timely SACT for those who survived critical illness,
when compared against patients with the same nature of hospital admission, who
were admitted to critical care for monitoring, with HR 0.59 for elective patients with
critical illness, and HR 0.42 for emergency patients with critical illness. Using the
historic Scottish target of 12 weeks, the total eligible population had 53% predicted
SACT receipt at 12 weeks. Elective patients with critical illness had 41% predicted to
receive SACT at this time point, emergency patients with critical illness had predicted

proportion of 28%.

| observed that critical illness has a causal influence on long term survival for pa-
tients with CRC, that persists despite restricting analysis only to hospital survivors, in
a homogenous group of those who had High Risk Stage Il or Stage Il disease who had
undergone curative resection. For elective patients who survived critical illness, es-
timates of HR for mortality were 1.43, with posterior probability of 97% of a clinically

meaningful increase in hazard.

There was not an increase in HR of mortality for emergency patients who survived
critical illness, potentially due to any effect being overwhelmed by the large increase
in hazard by emergency admission itself (HR 2.21). After accounting for confounders,
the well baseline of elective patients treated with monitoring in critical care, had

estimated five year overall survival of 68%. The central estimate for elective patients



9.2. Summary of findings 366
who experienced critical illness was 59%, an absolute reduction in predicted five-
year survival of 9%. Patients admitted as an emergency treated with monitoring had
predicted five-year survival of 44%, and those with emergency admission and critical

illness had predicted survival of 42%.

As a reference point for the magnitude of such an impact, ESMO would categorise
a treatment provided for patients with curative intent, that confers an absolute im-
provement of 5% on overall survival, as the highest level of substantial benefit (Grade
A, Cherny et al. 2025). This chapter provides a central estimate that critical illness
during elective admission, confers a reduction in overall survival, of almost double

this threshold of ‘substantial’ impact.

9.3 Summary of relation to existing literature

Previous work has considered Intensive Care admission to be synonymous with critical
illness. This thesis demonstrates that admission to critical care is the most common
outcome for patients with planned admission to hospital, that the long term outcomes
following critical care admission are not as severe as those following intensive care
admission specifically, and that stratification by receipt of organ support provides
more useful results. Inclusion of high dependency and intensive care, in contrast to
those cohorts that use intensive care alone (such as Puxty et al. 2015) results in a
greater proportion of patients admitted to higher level care, however the proportions
receiving organ support are consistent between my findings, the work of Puxty et al.

2015 and the work of Dale et al. 2016.
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No previous work has investigated the attainment of national cancer quality perfor-
mance indicators, for patients with colorectal cancer. My findings that patients who
receive organ support achieve a smaller proportion of QPIs is novel. With regards to
QPI 11, and later chapters work on adjuvant SACT receipt more widely, there is some
literature available for comparison. The observed probability of receiving adjuvant
SACT amongst an eligible critical care population in this thesis (53%), appears con-
sistent with the 52% estimate provided by Auclin et al. 2017, in their retrospective
work investigating older patients with solid organ cancers following ICU discharge.
Comparisons with their cohort are limited by multiple factors, they investigated a
range of solid organ types, with gastrointestinal cancers accounting for only 30%, and
63% of their patients having metastatic disease. In the definition of the SACT-eligible
cohort of this thesis, all patients had High Risk Stage Il or Stage Ill CRC disease (i.e.
no ‘SACT-eligible’ patients had metastatic disease). A more comparable population
is provided by Kim et al. 2015, who investigated patients with Stage Il and Stage Il
CRC and subsequent SACT receipt, almost exactly the population investigated by this
thesis. | observed 70% attainment of adjuvant SACT 12 weeks following surgical re-
section, for elective patients treated at a ward level, Kim et al. 2015 describes 75%
attainment at an earlier time point of 8 weeks. Whilst overall attainment of adju-
vant SACT was lower in this thesis than seen in the study by Kim et al. 2015, the
percentages are consistent with one another and differences can be potentially ex-
plained by: differences in national care quality targets (this thesis studied a Scottish
population at a time when 12 weeks was the target), and differences in proportions
of patients with each cancer stage (this thesis had a greater proportion of patients
with High Risk Stage Il disease, where the evidence of benefit of adjuvant SACT is
less strong, and targets are less strict). Kim et al. 2015 provide an estimate of critical
illness (ICU admission) being associated with reduced adjuvant SACT receipt, with an
OR 0.42 (95% Cl 0.27-0.63). This theses provides central estimates of HR of timely

SACT receipt ranging from 0.43-0.59 (depending on nature of admission), consistent
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with the results from Kim et al. 2015. My work adds to Kim’s, achieving consistent
findings in a Scottish cohort, building on it with greater number of patients, modelling
that considers both SACT receipt and SACT timing, and clear estimates of the causal

impact of critical illness, rather than descriptors of association.

With regards to the association between critical illness and long-term survival for pa-
tients with CRC, this work is the first to provide observed five-year overall survival
estimates (the measure recommended as the most meaningful by ESMO) for this co-
hort. It is also the first to provide estimates of the causal impact of critical illness on
long term survival for patients with CRC. Puxty et al. 2018 reported four-year survival
(including hospital mortality) for all patients with solid organ cancers following In-
tensive Care admission, at 39%. Their work included all solid cancer types and stages,
whereas this work includes just CRC, considered to have more favourable outcomes
than many other solid organ cancers. In direct comparison to the findings of Puxty
et al. 2018, four-year survival in this thesis for patients with critical illness (multiple
days of organ support), was 55% for elective patients with critical illness, and 27% for
emergency patients with critical illness, and 45% when combining both groups into a
single critical illness cohort. My findings are consistent with that of Puxty et al. 2018,
reflecting the expected greater survival for CRC (when compared against other solid
organ cancers), but also demonstrates the importance of stratification by nature of
admission, where nature of presentation to hospital results in substantial differences

in long-term survival.

In the final months of this thesis, Dahlberg et al. 2026 have published their findings
on the most comparable cohort so far. In a Swedish cohort from 2010 to 2019, of
patients with non-metastatic CRC undergoing elective surgical resection (n=23,891),
they identified 5.6% who required unplanned ICU admission. In doing so they identified
a population at least four times greater than the comparable Scottish cohort, patients
who received surgical resection for the same disease stages (n = 5,256, which includes

emergency resections). Their patients had an unadjusted mortality rate of 40% at
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three years post resection, when including in-hospital mortality, the same value |
observed at three years for what appears on first glance to be the most comparable
subcohort, elective patients with multiple days of organ support (including in-hospital

mortality).

In their multivariable analysis on odds of three-year mortality, where they included
variables based on ‘clinical judgement and previous studies’ they reported unplanned
ICU admission to have OR 2.06 (95% Cl 1.78-2.38). Their reported OR is of a greater
magnitude than my reported causal impact of critical illness on HR of long term overall
mortality. It is important to note though, first that these are different scales (OR of
death at three years versus HR of time to mortality), and second that this difference
is expected. In their modelling, Dahlberg et al. 2026 included in-hospital deaths. |
aimed to understand any impact of mortality that persisted after surviving hospital,
and in doing so ‘blocked’ any increase hazard due to the impact of critical illness
on in-hospital mortality. Similarly as noted in Chapter 8, my choice to condition on
hospital survival also introduces some additional biases that risk biasing my estimate
towards the null. Dahlberg et al. 2026 are not purporting to provide a causal impact
of critical illness on long-term mortality in their work, but even if they had, we would
expect a larger estimate of impact, as they report the total impact of critical illness
on long-term mortality, and | report the impact that persists after initial survival from

critical illness.

Their work has several advantages, with greater access to detail on operation specific
metrics (operation duration, estimated blood loss, intraoperative complications), and
sample size as noted above. However as relative limitations, they note substantial
missing data on SACT receipt (and so cannot provide values for this), and excluded
patients treated as an emergency. My work has the advantages of providing estimates
of hazard of mortality for both elective and emergency admissions, additional stratifi-

cation on severity of illness (requiring both organ support receipt, and multiple days
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of organ support receipt), modelling strategies that can provide predicted survival
curves after adjustment in multivariable analysis (up to five-years post resection,
where Dahlberg make a single comparison of proportion surviving at three years),

and clarity in the causal nature of the estimate provided.

9.4 Challenges and Lessons

This thesis gained and suffered from all the advantages and limitations of large scale
analysis of routinely collected registry data, mentioned in each chapter. Use of these
registries provided access to all patients diagnosed with CRC in Scotland over the
study period, and information on all hospital and critical care admissions. The results
of this thesis provides an example of the merits of linking previously siloed datasets
and systems, highlighting the type of relevant questions that can be addressed in Scot-
tish healthcare without new data collection being performed (avoiding the additional
workforce and financial strain of collecting such data). As a limitation, information
available was restricted to what had been entered within each registry, with rel-
evant patient measures (such as frailty) not being recorded at all, and key cancer
specific information (anatomic stage) having patchy recording in the national can-
cer registry. As a clinician working in intensive care, prior to commencing this thesis
| had good levels of understanding of the limitations of routinely collected critical
care information (SICSAG). Throughout this thesis | had to develop my understanding
of the limitations of each other data source, often not immediately apparent at first
glance. Throughout the work of this thesis | have gained a greater understanding of
the relative merits of these datasets available from Public Health Scotland. This has
allowed me to now provide meaningful support to the Health Board | work in, in their
plans to join the federated network of trusted research environments, contributing

to the West of Scotland Safehaven.
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Performing all analyses in a Trusted Research Environment (TRE), provided several
restrictions, in terms of statistical packages and software available. Several aspects
of my work, such as code generated and model objects from analyses (posterior
draws from each model), would have been useful to export for later use. However
as the eDRIS TRE requires manual review of each object exported, requesting sev-
eral hundred-thousand lines of code, and model objects with 40,000 samples a piece,
would have been unnecessarily burdensome and unfeasible requests. Considering in
the year of submission (2026) there have been widely published stories of patient sen-
sitive information being leaked from systems that did not use TREs, it is likely that an
increasing proportion of future large scale data work will be required to be performed
in such an environment. The work of this thesis has provided me with the skills and
experience, for me to attain my accreditation as an ONS accredited researcher, a

relatively new national requirement prior to future work in TREs.

Over the course of undertaking this thesis, methods published in medical literature
continue to change in prevalence. Some choices | made at the beginning of this thesis
felt like stepping out on a limb, like choosing to undertake Bayesian analysis. These
choices are now much less controversial. | made other choices at the beginning, to
account for the perceived ‘atypical’ nature of a Bayesian thesis; such as original
drafts of this thesis using predetermined thresholds for significance, and my choice
initially to use univariable screening rather than methods of causal inference. These
now appear to be overly conservative and cautious. | am particularly grateful for
the feedback of my examiners, who rightly identified that some of these cautious
choices could be described as picking the ‘worst of both worlds’ from each statistical
paradigm. Their feedback allowed me to improve the presentation of each results
chapter, and also undertake a final chapter with greater methodological rigour in

model creation.
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9.5 Additional Limitations and Future Work

Additional to the limitations raised in each chapter, this thesis is also limited by what
it has not attempted to answer, questions that could be rightly raised as the more

meaningful ones to ask.

The thesis identifies a cohort of patients with CRC and critical illness; | describe
them and their outcomes of SACT receipt and overall survival. | note that there are
differences in these outcomes, and in my final chapter | note that the impact of
critical illness is likely causative. What | do not provide an rigorous answer to, is why

such a causal impact exists.

In the final results section | note that mediation analysis could attempt to address
each direct pathway within the total causal effect. Such an analysis would provide
a likely starting point for future work. As an example this thesis did not provide
thorough estimates on the direct effect of SACT omission/delay on long-term survival
for critical care survivors. Considering the work of Hanna et al. 2020 it appears likely
that such an effect would exist, however it has not previously been investigated in
this population. As an example for SACT receipt, | noted in the previous chapter
that hospital length of stay is a potential mediator, however | did not provide any

mediation analysis for this.

At the beginning of the process of this thesis, | hoped to explore other patient centred
outcomes, and to gain greater understanding on what routinely collected information
could realistically answer for what may be seen as more qualitative metrics (such as
quality of life, symptom burden, and quality of care at the end of life). A limita-
tion of my own processes during this thesis is | undertook significant time cleaning

and exploring other relevant datasets, only to be limited by time constraints (and
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my own inefficiencies resulting in these time constraints) preventing these analyses
being performed. As a clinician in intensive care, the key question of interest for me
is not only, are you going to survive, but what does such a survival look like. Future
work that explores the experiences of patients with cancer following critical illness
could describe many relevant metrics: of proxy measures for symptom burden, care
receipt, access to specialist support, and access to high quality palliative care. Reg-
istry data already collected across Scotland could provide new information on each
of these questions. In doing so, clinicians and patients can have a richer understand-
ing of what we are asking patients to consent to, in regards to likely and potential
outcomes. Currently collected registry data across Scottish healthcare is inefficiently
used, with an opportunity cost to research not performed, but also failing to make
the best use of the work of the patients who provided their information, and the pro-
fessionals who recorded it. | will accept, that many questions of health quality, would
be better addressed by qualitative work itself, such as interviewing the survivors of
cancer and critical illness. Such work would also help point towards what questions
we should aim to explore with larger scale registry interrogation. Noted in the intro-
duction of this thesis, a key descriptor of a mediating effect of critical illness on long
term outcomes would likely be measures of Post-Intensive Care Syndrome (PICS). No
national Scottish registry exists recording incidence of PICS for patients, and as such |
was unable to explore any relationship between PICS and long-term outcomes. Future
work to investigate any relationship would likely require prospective recruitment of
patients with cancer who survived critical illness, potentially through collaboration

with existing rehabilitation and more general ICU follow up programmes.

After identifying the differences in patient outcomes for those with critical illness and
CRC, and recognising the next meaningful step is greater exploration of why and how
critical illness causes such differences, the following step should be to develop inter-

ventions to meaningfully reduce such differences where possible. As a hypothetical
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example, if difference in length of stay is the factor of most relevance for SACT, and
SACT receipt is the most relevant factor for overall survival, it may be that increased
resources in post-critical illness rehabilitation could be a meaningful intervention to

reduce any difference in long-term survival.

Additional to the points made above, the goal of this thesis was to provide infor-
mation useful both to clinicians and patients. The discussion so far has focused on
how to gain additional information on patient-centred outcomes. Equally important
though is understanding how best to communicate any information gained. Sobrero
et al. 2020 aimed to better understand and communicate additional survival bene-
fits of ever more burdensome forms of adjuvant SACT, so that a patient may best
interpret where proposed treatments meet their own values, and where the point
that proposed burdens outweigh proposed benefits. My thesis provides the informa-
tion that it has gained, in a manner that hopefully communicates itself clearly, with
predicted survival curves, and similar curves for time-to-SACT. It still though does not
allow predictions of survival for an individual patient, instead again relying on the hy-
pothetical ‘average impact of critical illness’. Qualitative work to better understand
how to communicate risks and probabilities to a patient, models that provide greater
stratification of predictions, or even creation of tools that allow for an individual to

predict outcomes for their unique scenario, may be of merit in the future.

| began this thesis worried about the following hypothetical scenario, the commonly
observed encounter with potential for conflict, where oncologists and surgeons report
curative intent for a patient and estimated survival figures, an intensive care team
concerned it is likely that critical illness prevents such a positive long-term outcome,
and a patient stuck between the two perspectives with no clear information to sup-
port any decision. For this cohort of patients with potentially curative colorectal
cancer and critical illness, this work now supports all involved in any decision-making
process, reporting: the percentage of patients with critical illness who survive their

hospital admission, the predicted chance of patients with critical illness receiving
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their planned SACT if they survive, and their predicted long-term survival, with es-
timates given for the contribution of critical illness itself on such predictions. The
key questions for future work remain: how can we improve equity in cancer care for
survivors of critical illness?, how can we improve long-term survival?, and what is a

life following critical illness with cancer like, for the person living it?
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Figure A.1: Illustration Of Dataset Construction for SACT Analysis
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Table B.1: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for achieving QPI 11 (timely adjuvant chemotherapy), from multivariable
logistic regression model using uninformative priors, for all other variables included in the

model
Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect
Age (years) 0.93 (0.92 - 0.95) 100.0C 0.14 0.00 99.87 99.87% chance
meaningful reduction
per increase in age by one year
Comorbidities 0.54 (0.42 - 0.69) 100.0C 0.00 0.00 100.00  100% chance
1 Additional meaningful reduction
Comorbidities 0.29 (0.2 - 0.44) 100.0C 0.00 0.00 100.00 100% chance
2+ Additional meaningful reduction
vs no additional comorbidity
Hospital LOS (Days) 0.93 (0.92 - 0.95) 100.0C 0.00 0.00 100.00  100% chance
meaningful reduction
per increase in length of stay by one day
Method Diagnosis
Clinical Presenta- 0.69 (0.55-0.87) 99.89 0.25 0.02 99.73 99.73% chance
tion meaningful reduction
Incidental Finding  0.49 (0.29 - 0.83) 99.58 0.34 0.29 99.38 99.38% chance
meaningful reduction
Other / Not Known 1.18 (0.61-2.29) 68.35 8.48 64.08 27.44 64.08% chance
meaningful increase
vs diagnosis through screening
Emergency 0.97 (0.73-1.29) 57.67 21.22 32.14 46.63 46.63% chance
meaningful reduction
vs elective admission
Female 1.33 (1.08 - 1.64) 99.67 0.86 99.05 0.08 99.05% chance
meaningful increase
vs male
SIMD Quintile 2 0.97 (0.73-1.28) 58.86 21.40 30.88 47.72 47.72% chance
meaningful reduction
SIMD Quintile 3 1.30 (0.98 - 1.73) 96.56 4.24 93.98 1.78 93.98% chance
meaningful increase
SIMD Quintile 4 1.14 (0.85-1.53) 81.49 14.42 73.53 12.05 73.53% chance
meaningful increase
SIMD Quintile 5 1.67 (1.24-2.26) 99.96 0.07 99.93 0.00 99.93% chance
meaningful increase
vs SIMD Quintile 1
Stage Ill 2.29 (1.85-2.83) 100.0C 0.00 100.00 0.00 100% chance

vs High Risk Stage I

meaningful increase

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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Table B.2: Multivariable Regression on Attaining QPT 11 - Measures of model validity
R-hat Bulk ESS Tail ESS ‘

Variable

Intercept

cohortNoCriticalCare
cohortCritCareMOrganSupport
non_elective_admnTRUE

sexfemale

Age (years)

simd_quintile2

simd_quintile3

simd_quintile4

simd_quintile5

Comorbidities1

Comorbidities2P
method_1st_detectionIncidentalfinding
method_1st_detectionClinicalpresentation
method_1st_detectionOtherDNotKnown
duration_hosp

stageC
cohortNoCriticalCare:non_elective_admnTRUE
cohortCritCareMOrganSupport:non_elective_admnTRUE

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

74415
49764
50492
41809
69395
75375
41604
39766
40392
41791
65453
69599
67754
63655
71776
76635
60695
40919
45358

30874
33057
32939
33466
31181
31450
32107
30991
32166
33310
32263
31199
30368
31076
30792
30114
31272
33305
33098

380
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Figure B.3: Posterior predictive check of multivariable model using uninformative priors for
QPI 11 attainment
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions
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C.1 Demographics Tables



Table C.3: Demographic Characteristics - Receipt of Adjuvant Chemotherapy (01A)

1JVS D

Demographics of Population
Stratified By Nature of Hospital Admission and Levels of Support

Characteristic Overall Elective Elective Elective Emergency Emergency Emergency
Ward Level Monitoring Organ Support Ward Level Monitoring Organ Support
N=3,427 1 N =650 ' N=1,695" N=1326" N=170" N=416" N=170"
Age At Diagnosis 71 (62, 79) 69 (61, 76) 70 (62, 78) 73 (65, 79) 72 (58, 80) 72 (63, 80) 73 (64, 80)
Female Sex 1,567 (46%) 305 (47%) 753 (44%) 127 (39%) 95 (56%) 218 (52%) 69 (41%)
SIMD (quintile)
1 604 (18%) 3 (14%) 285 (17%) 67 (21%) 36 (21%) 72 (17%) 51 (30%)
2 632 (18%) 108 (17%) 321 (19%) 61 (19%) 31 (18%) 85 (21%) 26 (15%)
3 730 (21%) 156 (24%) 343 (20%) 73 (22%) 3 (20%) 88 (21%) 37 (22%)
4 717 (21%) 153 (24%) 351 (21%) 3 (22%) 2 (19%) 81 (20%) 7 (16%)
5 739 (22%) 140 (22%) 393 (23%) 2 (16%) 37 (22%) 88 (21%) 29 (17%)

Additional Charlson Co-

morbidities Known

None 2,621 (76%) 551 (85%) 1,300 (77%) 211 (65%) 131 (77%) 303 (73%) 125 (74%)

One 608 (18%) 82 (13%) 303 (18%) 77 (24%) 32 (19%) 82 (20%) 32 (19%)

Multiple 198 (5.8%) 17 (2.6%) 92 (5.4%) 38 (12%) 7 (4.1%) 31 (7.5%) 13 (7.6%)
Cardiac Disease (Charl- 200 (5.8%) 23 (3.5%) 101 (6.0%) 31 (9.5%) 9 (5.3%) 25 (6.0%) 11 (6.5%)
son)

€8¢



Respiratory Disease
(Charlson)
Renal Disease (Charlson)
Diabetes (Charlson)
Dementia (Charlson)
Surgical Admission
Operations During Admis-
sion

One

None

Multiple
Diagnosis To Admission
(days)
Duration Hospital Stay
(days)
Duration Critical Care
Stay (days)
Critical Care Admission
Was Planned

APACHE Il Score

Vasoactive Support

Ventilated

292 (8.5%)

172 (5.0%)
347 (10%)
23 (0.7%)
3,421 (100%)

2,954 (86%)
0 (0%)

473 (14%)
41 (16, 66)

9 (6, 15)

2.00

4.00)
1,717 (50%)

(1.00,

13.0
16.0)
444 (13%)
183 (5.3%)

(10.0,

30 (4.6%)

20 (3.1%)
40 (6.2%)
<=5

650 (100%)

586 (90%)
0 (0%)

64 (9.8%)
46 (32, 66)

7 (5, 10)

0.00

0.00)
0 (0%)

(0.00,

NA (NA, NA)

0 (0%)
0 (0%)

130 (7.7%)

71 (4.2%)
191 (11%)

9 (0.5%)
1,694 (100%)

1,483 (87%)
0 (0%)

212 (13%)
50 (34, 75)

8 (6, 12)

2.00

4.00)
1,433 (85%)

(1.00,

11.0 (9.0, 13.0)

0 (0%)
0 (0%)

50 (15%)

30 (9.2%)
47 (14%)
<=5

325 (100%)

242 (74%)
0 (0%)

84 (26%)
53 (34, 76)

14 (9, 26)

5.00

8.00)
196 (60%)

(3.00,

14.0
18.0)

294 (90%)
97 (30%)

(11.0,

11 (6.5%)

9 (5.3%)
16 (9.4%)
<=5

167 (98%)

152 (89%)
0 (0%)

18 (11%)
00, 1)

14 (10, 25)

0.00

0.00)
0 (0%)

(0.00,

NA (NA, NA)

0 (0%)
0 (0%)

52 (13%)

28 (6.7%)
35 (8.4%)
7 (1.7%)
416 (100%)

367 (88%)
0 (0%)

49 (12%)
0 (0, 10)

14 (10, 22)

3.00
4.00)
76 (18%)

11.0 (9.0, 13.5)

0 (0%)
0 (0%)

(2.00,

19 (11%)

1JVS D

14 (8.2%)
18 (11%)
0 (0%)

169 (99%)

124 (73%)
0 (0%)

46 (27%)
0 (0, 13)

23 (14, 41)

5.00

10.00)
12 (7.1%)

(3.00,

16.0
19.0)
150 (88%)
86 (51%)

(12.0,

1413



Renal Replacement Ther-
apy
Method of First Detection
Clinical presentation
Screening examination
Incidental finding
Other / Not Known
Duke
High-Risk B
c
Objectives of Treatment
Curative Intent
Non-curative  Intent
(palliative)
Not Known
Received Adjuvant
Chemotherapy

22 (0.6%)

2,630 (77%)
711 (21%)
73 (2.1%)
13 (0.4%)

1,113 (32%)
2,314 (68%)

3,006 (88%)
268 (7.8%)

153 (4.5%)
1,946 (57%)

0 (0%)

442 (68%)
192 (30%)

201 (31%)
449 (69%)

599 (92%)
37 (5.7%)

14 (2.2%)
453 (70%)

0 (0%)

1,222 (72%)
426 (25%)
36 (2.1%)
11 (0.6%)

534 (32%)
1,161 (68%)

1,490 (88%)
128 (7.6%)

77 (4.5%)
1,011 (60%)

14 (4.3%)

241 (74%)
73 (22%)
12 (3.7%)
0 (0%)

105 (32%)
221 (68%)

284 (87%)
30 (9.2%)

12 (3.7%)
136 (42%)

0 (0%)

161 (95%)

58 (34%)
112 (66%)

138 (81%)
20 (12%)

12 (7.1%)
80 (47%)

0 (0%)

404 (97%)
8 (1.9%)
<=5

0 (0%)

164 (39%)
252 (61%)

350 (84%)
36 (8.7%)

30 (7.2%)
209 (50%)

8 (4.7%)

1JVS D

160 (94%)
<=5

<=5

0 (0%)

51 (30%)
119 (70%)

145 (85%)
17 (10%)

8 (4.7%)
57 (34%)

"Median (Q1, Q3); n (%)

G8¢E



Table C.4: Demographic Characteristics - Delay To Receipt of Adjuvant Chemotherapy (01B)

Demographics of Population
Stratified By Nature of Hospital Admission and Levels of Support

1JVS D

Characteristic Overall Elective Elective Elective Emergency Emergency Emergency
Ward Level Monitoring Organ Support Ward Level Monitoring Organ Support
N =1,9426 " N=453"1 N=1,011"1 N=136"1 N=280"1 N=209 N=571

Age At Diagnosis 65 (57, 71) 65 (58, 71) 65 (58, 71) 67 (59, 73) 60 (53, 70) 65 (55, 71) 67 (58, 72)
Female Sex 913 (47%) 215 (47%) 469 (46%) 55 (40%) 42 (53%) 105 (50%) 27 (47%)
SIMD (quintile)

1 320 (16%) 70 (15%) 157 (16%) 3 (17%) 18 (23%) 36 (17%) 16 (28%)

2 338 (17%) 75 (17%) 186 (18%) 3 (17%) 11 (14%) 36 (17%) 7 (12%)

3 430 (22%) 106 (23%) 210 (21%) 8 (28%) 15 (19%) 44 (21%) 17 (30%)

4 405 (21%) 103 (23%) 208 (21%) 31 (23%) 16 (20%) 40 (19%) 7 (12%)

5 449 (23%) 99 (22%) 249 (25%) 21 (15%) 19 (24%) 51 (25%) 10 (18%)
Additional Charlson Co-
morbidities Known

None 1,647 (85%) 404 (89%) 844 (83%) 100 (74%) 72 (90%) 180 (86%) 47 (82%)

One 264 (14%) 43 (9.5%) 144 (14%) 31 (23%) 8 (10%) 28 (13%) 10 (18%)

Multiple 35 (1.8%) 6 (1.3%) 3 (2.3%) <=5 0 (0%) <=5 0 (0%)
Cardiac Disease (Charl- 46 (2.4%) 9 (2.0%) 1(3.1%) <=5 <=5 0 (0%) <=5

son)

98¢



Respiratory Disease
(Charlson)
Renal Disease (Charlson)
Diabetes (Charlson)
Dementia (Charlson)
Surgical Admission
Operations During Admis-
sion

One

None

Multiple
Diagnosis To Admission
(days)
Duration Hospital Stay
(days)
Duration Critical Care
Stay (days)
Critical Care Admission
Was Planned
APACHE Il Score
Vasoactive Support

Ventilated

Renal Replacement Ther-

apy

122 (6.3%)

26 (1.3%)
141 (7.3%)
<=5

1,946 (100%)

1,697 (87%)
0 (0%)

249 (13%)
40 (21, 60)

7.0 (5.0, 11.0)

2.00 (0.0,
3.00)
1,008 (52%)

11.0 (8.0, 13.0)
172 (8.8%)

53 (2.7%)

<=5

453 (100%)

414 (91%)
0 (0%)

39 (8.6%)
45 (32, 64)

6.0 (4.0, 8.0)

0.00  (0.00,

0.00)
0 (0%)

A (NA, NA)
0 (0%)
0 (0%)
0 (0%)

63 (6.3%)

16 (1.6%)

82 (8.1%)

0 (0%)

1,011 (100%)

883 (87%)

0 (0%)
128 (13%)

46 (31, 65)

7.0 (5.0, 10.0)
2.00  (1.00,
4.00)

863 (85%)

11.0 (8.0, 13.0)
0 (0%)
0 (0%)
0 (0%)

18 (13%)

<=5
7 (13%)
0 (0%)
136 (100%)

101 (74%)
0 (0%)

35 (26%)
51 (35, 71)

10.0 (7.0, 15.0)

4.00  (3.00,

6.50)
103 (76%)

12.0 (9.0, 16.0)
121 (89%)

28 (21%)

<=5

<=5 16 (7.7%)
0 (0%) <=5
<=5 13 (6.2%)
0 (0%) 0 (0%)

80 (100%)

73 (91%) 184 (88%)
0 (0%) 0 (0%)

7 (8.8%) 25 (12%)
00, 9) 0 (0, 8)

10.5 (8.0, 16.0)

0.00 (0.00, 3.00

0.00) 4.00)
0 (0%) 38 (18%)
NA (NA, NA) (
0 (0%) 0 (0%)
0 (0%) 0 (0%)
0 (0%) 0 (0%)

209 (100%)

11.0 (8.0, 16.0)

10.0 (7.0, 12.0)

1JVS D

<=5
<=5
0 (0%)
7 (100%)

42 (74%)
0 (0%)

15 (26%)
00, 1)

14.0 (1.0,
24.0)
4.00  (3.00,
6.00)
<=5

12.0 (9.0, 17.5)
51 (89%)

25 (44%)

=5

L8€



Method of First Detection
Clinical presentation
Screening examination
Incidental finding
Other / Not Known

Duke
High-Risk B
c

Received Adjunctive

Chemotherapy for HRB or

c

Delays In Receiving Adju-

vant Chemotherapy

Unknown

1,326 (68%)
579 (30%)
28 (1.4%)
13 (0.7%)

449 (23%)

1,497 (77%)

1,946 (100%)

506 (26%)

14

276 (61%)
169 (37%)
6 (1.3%)
<=5

104 (23%)

349 (77%)
453 (100%)

108 (24%)

630 (62%)
358 (35%)
2 (1.2%)
1(1.1%)
214 (21%)
797 (79%)
1,011 (100%)

229 (23%)

91 (67%)
41 (30%)
<=5

0 (0%)

28 (21%)

108 (79%)
136 (100%)

51 (38%)

75 (94%)
<=5
<=5

0 (0%)

17 (21%)

63 (79%)
80 (100%)

25 (33%)

201 (96%)
<=5

<=5

0 (0%)

72 (34%)

137 (66%)
209 (100%)

62 (30%)

53 (93%)
<=5
<=5

0 (0%)

1JVS D

14 (25%)
43 (75%)
57 (100%)

31 (54%)

"Median (Q1, Q3); n (%)

88¢
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C.2 One A

Table C.5: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for receipt of adjuvant chemotherapy (SACT A), from multivariable logistic
regression model using uninformative priors, for all other variables included in the model

Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect
Age (years) 0.87 (0.86-0.88) 100 0.00 0.00 100 100% chance

meaningful reduction
per increase in age by one year
Dx To Admn (days) 0.99 (0.99-1) 100 100 0.00 0.00 0% chance
meaningful reduction
per increase in duration by one day
CRC Stage - HR Il 0.37 (0.3-0.44) 100 0.00 0.00 100 100% chance
meaningful reduction
vs Stage IlI

Comorbidities 0.75 (0.6-0.95) 99.22 1.65 0.29 98.06 98.06% chance

1 Additional meaningful reduction
Comorbidities 0.35 (0.24-0.5) 100 0.00 0.00 100 100% chance

2+ Additional meaningful reduction
vs no additional comorbidity

Hospital LOS (Days) 0.91 (0.9-0.92) 100 0.00 0.00 100 100% chance

meaningful reduction
per increase in length of stay by one day

Method Diagnosis

Incidental Finding  0.66 (0.42-1.06) 95.76 3.03 2.99 93.98 93.98% chance
meaningful reduction

Other/Not Known 1.45 (0.78-2.73) 87.54 5.22 84.73 10.05 84.73% chance
meaningful increase

Screening 1.82 (1.44-2.32) 100 0.00 100 0.00 100% chance
meaningful increase

vs diagnosis following clinical presentation

Emergency 1.06 (0.8-1.39) 65.30 20.58 54.74 24.68 54.74% chance
meaningful increase

vs Elective admission

Multiple 1.21 (0.93-1.59) 91.79 8.86 86.62 4.52 86.62% chance
Operations meaningful increase
vs Single Operation
SIMD Quintile 2 0.93 (0.71-1.22) 70.35 19.79 20.72 59.49 59.49% chance
meaningful reduction
SIMD Quintile 3 1.24 (0.95-1.62) 94.74 6.53 90.68 2.79 90.68% chance
meaningful increase
SIMD Quintile 4 1.20 (0.92-1.57) 90.98 9.29 85.53 5.18 85.53% chance
meaningful increase
SIMD Quintile 5 1.32 (1.01-1.72) 97.90 3.04 95.99 0.97 95.99% chance

meaningful increase
vs SIMD Quintile 1

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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C. SACT
Table C.6: Model Validity Results - Receipt of Adjuvant Chemotherapy (SACT A)
Rhat Bulk ESS  Tail ESS
Intercept ~1.01 72310.43 30797.94
cohortWard Level ~1.01 60080.20 29786.86
cohortOrgan Support ~1.01 57042.04 31408.76
EmergencyTRUE ~1.01 49068.00 33128.47
Age (years) ~1.01 72232.21 31994.78
Dx To Admn (days) ~1.01 46712.15 31772.03
CRC Stage- HRB ~1.01 72121.81 30045.21
Comorbidities1 Additional ~1.01 73427.77 27299.05
Comorbidities2+ Additional ~1.01 75851.21 28817.62
Hospital LOS (Days) ~1.01 58618.80 33204.55
Method DiagnosisScreening ~1.01 72262.53 31287.39
Method Diagnosisincidental Finding ~1.01 78178.80 30506.43
Method DiagnosisOther/Not Known ~1.01 72203.85 29023.62
Multiple Operations ~1.01 66116.58 30197.00
SIMD Quintile 2 ~1.01 38244.18 32759.78
SIMD Quintile 3 ~1.01 38736.13 32172.13
SIMD Quintile 4 ~1.01 38255.25 30815.89
SIMD Quintile 5 ~1.01 37168.88 32041.12
cohortWard Level:EmergencyTRUE ~1.01 54120.36 33493.97
cohortOrgan Support:EmergencyTRUE ~1.01 52840.84 32698.20
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Figure C.4: Posterior predictive check of multivariable model (SACT A) using uninformative
priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions

C.3 OneB

Figure C.5 shows the results of univariable analysis for factors associated with delay

to receipt of adjuvant chemotherapy.
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Figure C.5: Posterior probability distributions of the odds ratio for delay to receipt of adjuvant chemotherapy (SACT B), from univariable logistic S
regression models fitted to each variable. Vertical line at OR 1 (no effect). Facet key provides title and comparator for each variable
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Table 6.9 provides detailed results of the univariable analysis.

393

Table C.7: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for delay to receipt of adjuvant chemotherapy (SACT B), from multivariable
logistic regression model using uninformative priors, for all other variables included in the

model
Variable Median Crl PD ROPE Increase Decreas¢ Percentage Of
(%) (%) Largest Effect

Hospital Stay 1.07 (1.05-1.09) 100.0C 4.45 95.55 0.00 95.55% chance
(days) meaningful increase
per increase in duration by one day
CRC Detection:
Incidental Finding 0.91 (0.52-1.57) 63.12 13.62 30.47 55.91 55.91% chance

meaningful reduction
Other / Not Known 0.96 (0.51-1.77) 54.93 12.38 38.99 48.62 48.62% chance

meaningful reduction
Screening 0.94 (0.75-1.17) 71.06 29.20 16.33 54.47  54.47% chance
Examination meaningful reduction
vs diagnosis following clinical presentation
Emergency 1.04 (0.78-1.39) 60.30 25.13 47.55 27.33  47.55% chance
Admission meaningful increase
vs Elective admission
Multiple Operations  0.95 (0.71-1.27)  63.27 25.23 25.25 49.53  49.53% chance

vs Single Operation

meaningful reduction

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -

Percentage of clinically meaningful increase/decrease

C.3.1 Model Validity And Sensitivity

Figure C.6 shows the sensitivity analysis comparing different prior distributions.



Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure C.6: Sensitivity Analysis - Comparisons of posterior probability distribution of the odds
ratio for delay to receipt of adjuvant chemotherapy (SACT B), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators

Table C.8 provides detailed results of the validity checks.

Table C.8: Validity Checks - Delay to Receipt of Adjuvant Chemotherapy (SACT B)

Rhat Bulk ESS  Tail ESS
Intercept 1.0000727 74258.45 32497.34
cohortWard Level 1.0001748 63021.19 32557.22
cohortOrgan Support 0.9999919 64696.88 33255.94
EmergencyTRUE 1.0003655 53900.08 33966.90
Hospital LOS (Days) 1.0001622 69957.52 32412.79
Method DiagnosisScreening 1.0001844 71723.54 31970.66
Method Diagnosisincidental Finding 1.0001155 76668.28 31589.75
Method DiagnosisOther/Not Known 1.0004938 83947.56 28242.96
Multiple Operations 1.0001958 75454.08 31545.17
cohortWard Level:EmergencyTRUE 1.0001634 59170.55 33994.68
cohortOrgan Support:EmergencyTRUE 1.0003787 63098.74 32546.18

Figure C.7 shows the posterior predictive check for the model.
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Figure C.7: Posterior predictive check of multivariable model (SACT B) using uninformative
priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions

C.4 Two A

C.4.1 Variable Selection - Univariable Analysis

Figure C.8 shows the results of univariable analysis for factors associated with regime

choice in adjuvant chemotherapy.
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Figure C.8: Posterior probability distributions of the odds ratio for receipt of single agent adjuvant chemotherapy (SACT C), from univariable g

logistic regression models fitted to each variable. Vertical line at OR 1 (no effect). Facet key provides title and comparator for each variable
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Table 6.13 provides detailed results of the univariable analysis.

Table C.9: Multivariable Analysis Results - Summary of posterior probability distribution of
the odds ratio for receipt of single agent adjuvant chemotherapy (SACT C), from multivariable
logistic regression model using uninformative priors, for all other variables included in the

model
Variable Median Crl PD ROPE Increase Decreas¢ Percentage Of Largest
(%) (%) Effect Explained

Age (years) 1.11 (1.09-1.13) 100.0C 0.00 100.00 0.00 100% chance
meaningful increase

per increase in age by one year

Dx To Admn (days) 1.00 (1-1.01) 99.81 100.0C 0.00 0.00 NA

per increase in duration by one day

CRC Stage- HRB 8.68 (6.61- 100.0C 0.00 100.00 0.00 100% chance

11.51) meaningful increase

vs Stage Il

Diabetes 1.26 (0.87-1.82) 89.16 9.73 83.70  6.57 83.7% chance
meaningful increase

vs no diabetes

Hospital LOS (Days) 1.02 (1-1.04) 99.15 99.40 0.60 0.00 0.6% chance
meaningful increase

per increase in length of stay by one day

Method Diagnosis

Incidental Finding 1.18 (0.67-2.1)  71.46 11.41 65.54  23.05  65.54% chance
meaningful increase

Other/Not Known 0.84 (0.45-1.58) 70.57 10.51 24.42  65.07  65.07% chance
meaningful reduction

Screening 0.63 (0.49-0.81) 99.99 0.08 0.00 99.91 99.91% chance
meaningful reduction

vs diagnosis following clinical presentation

Emergency 0.90 (0.63-1.28) 71.36 18.74 20.09 61.17  61.17% chance
meaningful reduction

vs Elective admission

Surgery to SACT 0.91 (0.85-0.97) 99.69 10.93 0.00 89.07  89.07% chance

(days)
per increase in interval by one day

meaningful reduction

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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C.4.2 Model Validity And Sensitivity

Figure C.9 shows the sensitivity analysis comparing different prior distributions.

A B C D
1 2 0.50 0.75 1.00 1.25 1.50 1.75 1 2 3 4 1 2 3
Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure C.9: Sensitivity Analysis - Comparisons of posterior probability distribution of the odds
ratio for receipt of single agent adjuvant chemotherapy (SACT C), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators

Table C.10 provides detailed results of the validity checcks.
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Table C.10: Validity Checks - Regime Choice In Adjuvant Chemotherapy (SACT C)

Rhat Bulk ESS  Tail ESS
Intercept 1.000255 46283.34 32084.07
cohortWard Level 1.000067 48261.52 32793.41
cohortOrgan Support 1.000127 48122.92 31562.28
EmergencyTRUE 1.000180 41776.60 30233.82
Age (years) 1.000276 45852.62 31370.13
Dx To Admn (days) 1.000036 45505.99 33346.69
CRC Stage- HRB 1.000123 46200.48 31076.68
Diabetes 1.000202 50258.28 30848.31
Hospital LOS (Days) 1.000272 49778.93 32782.11
Method DiagnosisScreening 1.000335 51604.13 31309.74
Method Diagnosisincidental Finding 1.000143 51928.89 29992.19
Method DiagnosisOther/Not Known 1.000166 50966.74 31864.31
surg_to_chemo 1.000244 48963.91 31106.62
cohortWard Level:EmergencyTRUE 1.000103 46131.44 32054.78
cohortOrgan Support:EmergencyTRUE 1.000280 47425.89 30649.77

Figure C.10 shows the posterior predictive check for the model.
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Figure C.10: Posterior predictive check of multivariable model (SACT C) using uninformative
priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions

C.5 TwoB

C.5.1 Variable Selection - Univariable Analysis

Figure C.11 shows the results of univariable analysis for factors associated with dose

delay in adjuvant chemotherapy.
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A Age at diagnosis (per increase in age by one year)

B Cardiac comorbidity (vs No cardiac comorbidity)

C Dementia (vs No dementia)

D Diabetes (vs No diabetes)

E Renal comorbidity (vs No renal comorbidity)

F Respiratory comorbidity (vs No respiratory comorbidity)

G Charlson comorbidity count (vs Zero additional comorbid-
ity); solid = One additional, dotted = Two plus

H Support in Hospital (vs Monitoring); solid = Organ Support,
dotted = Ward Level

I Diagnosis-to-admission interval (per increase in interval by
one day)

J Anatomic Stage High Risk Il (vs Stage Ill)

K Duration of hospital stay (per increase in admission dura-
tion by one day)

L Method of first detection (vs Clinical Presentation); dashed
= Other/Not Known, solid = Screening, dotted = Inci-
dental Finding

M Non-elective admission (vs Elective admission)

N Multiple operations (vs Single Operation)

O Regime (vs CAPOX); solid = FOLFOX, dotted = 5FU, dashed
= Capecitabine

P Female Sex (vs Male)

Q Deprivation quintile (SIMD) (vs Q1); solid = Q2, dotted =
Q3, long-dash = Q4, dashed = Q5

R Surgery-to-chemotherapy interval (per increase in interval
by one day)

Figure C.11: Posterior probability distributions of the odds ratio for dose delay in adjuvant chemotherapy (SACT D), from univariable logistic
regression models fitted to each variable. Vertical line at OR 1 (no effect). Facet key provides title and comparator for each variable
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Table 6.18 provides detailed results of the univariable analysis.
Table C.11: Multivariable Analysis Results - Summary of posterior probability distribution of

the odds ratio for dose delay in adjuvant chemotherapy (SACT D), from multivariable logistic
regression model using uninformative priors, for all other variables included in the model

Variable Median Crl PD ROPE Increase Decrease Percentage Of Largest
(%) (%) Effect Explained
Emergency 0.97 (0.73-1.28) 58.86 26.46 28.67  44.87 44.87% chance
Admission meaningful reduction
vs Elective admission
FOLFOX 1.25 (0.92-1.69) 91.90 9.52 86.35 4.12 86.35% chance
meaningful increase
5FU 0.55 (0.34-0.87) 99.56 0.64 0.25 99.11 99.11% chance
meaningful reduction
Capecitabine 1.06 (0.86-1.32) 71.58 30.76 54.43 14.80 54.43% chance

meaningful increase
vs CAPOX

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease

C.5.2 Model Validity And Sensitivity

Figure C.12 shows the sensitivity analysis comparing different prior distributions.

A B C D
;
0.5 1.0 1.5 2.0 0.50 0.75 1.00 1.25 1 2 3 0.5 1.0 1.5 2.0
Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure C.12: Sensitivity Analysis - Comparisons of posterior probability distribution of the
odds ratio for dose delay in adjuvant chemotherapy (SACT D), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators
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Table C.12 provides detailed results of the validity checks.
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Table C.12: Validity Checks - Dose Delay in Adjuvant Chemotherapy (SACT D)

Rhat Bulk ESS  Tail ESS
Intercept 1.000094 69250.22 32631.06
cohortWard Level 1.000380 63735.28 31920.60
cohortOrgan Support 1.000039 63519.08 32714.26
EmergencyTRUE 1.000050 59464.93 34013.26
regime_catFOLFOX 1.000153 68799.31 31083.20
regime_cat5FU 1.000389 70009.13 30413.88
regime_catCapecitabine 1.000292 70141.93 32963.18
cohortWard Level:EmergencyTRUE 1.000123 59714.93 33948.57
cohortOrgan Support:EmergencyTRUE 1.000076 60458.08 33931.60

Figure C.13 shows the posterior predictive check for the model.

2.00

Figure C.13: Posterior predictive check of multivariable model (SACT D) using uninformative

0.25

0.50

priors

0.75

1.00

Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions
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C.6 TwoC

C.6.1 Variable Selection - Univariable Analysis

Figure C.14 shows the results of univariable analysis for factors associated with course

duration (weeks) of adjuvant chemotherapy.
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Figure C.14: Posterior probability distributions of the odds ratio for course duration of adjuvant chemotherapy (SACT E), from univariable logistic
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regression models fitted to each variable. Vertical line at OR 1 (no effect). Facet key provides title and comparator for each variable
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Table 6.22 provides detailed results of the univariable analysis.
Table C.13: Multivariable Analysis Results - Summary of posterior probability distribution of

the odds ratio for course duration of adjuvant chemotherapy (SACT E), from multivariable
logistic regression model using uninformative priors, for all other variables included in the

model

Variable Median Crl PD ROPE Increase Decrease
(%) (%)

Age (years) 1.00 (0.99-1.01) 76.71 100.0C O 0
per increase in age by one year
CRC Stage-HRB 1.03 (0.83-1.28) 60.68 34.01 43.07 22.92
vs Stage Il
Emergency 0.93 (0.72-1.19) 72.63 26.39 16.11 57.5
vs Elective admission
Pre-SCOT Trial 2.07 (1.67-2.54) 100.00 0.00 100 0
vs post trial publication
FOLFOX 1.38 (1.05-1.8) 99.04 2.01 97.66 0.33
5FU 0.67 (0.45-1.01) 97.38 2.43 1.73 95.84
Capecitabine 2.67 (2.15-3.32) 100.00 0.00 100 0
vs CAPOX
SIMD Quintile 2 0.96 (0.75-1.25) 61.06 28.53 25.71 45.79
SIMD Quintile 3 0.86 (0.67-1.1) 88.93 15.39 5.37 79.24
SIMD Quintile 4 0.79 (0.62-1.01) 96.88 6.02 1.25 92.73
SIMD Quintile 5 0.85 (0.66-1.08) 90.95 13.55 4.2 82.25

vs SIMD Quintile 1

Crl - 95% Credible Interval, PD - Probability of Direction,
Increase/Decrease - Percentage of clinically meaningful
increase/decrease

C.6.2 Model Validity And Sensitivity

Figure C.15 shows the sensitivity analysis comparing different prior distributions.
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A B C D
0.5 1.0 1.5 2.0 0.75 1.00 1.25 1.50 1 2 3 05 1.0 1.5 20 25
Priors Used uninformative skeptical optimistic . pessimistic

A Elective: Organ Support (vs Elective: Monitoring)

B Elective: Ward Level (vs Elective: Monitoring)

C Emergency: Organ Support (vs Emergency: Monitoring)
D Emergency: Ward Level (vs Emergency: Monitoring)

Figure C.15: Sensitivity Analysis - Comparisons of posterior probability distribution of the
odds ratio for course duration of adjuvant chemotherapy (SACT E), from multivariable logistic
regression models using different prior probability distributions
Facet key provided for variable names and comparators

Table C.14 provides detailed results of the validity checks.
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Table C.14: Validity checks - Number of Weeks of Adjuvant Chemotherapy (SACT E)

Rhat Bulk ESS Tail ESS
Intercept[1] 1.177410 36.63865 17.06902
Intercept[2] 1.062115 93.61995 178.98730
Intercept[3] 1.050801 113.63985 516.59386
Intercept[4] 1.053072 108.92693 446.21492
Intercept[5] 1.056501 102.55168 324.53248
Intercept[6] 1.068474 85.33903 164.09517
Intercept[7] 1.070900 82.47613 151.98354
Intercept[8] 1.091698 64.79505 83.59847
Intercept[9] 1.074748 78.04803 158.35020
Intercept[10] 1.041564 137.83056 4524.50884
Intercept[11] 1.028368 203.60211  44349.20705
Intercept[12] 1.014975 388.86405 76871.28233
cohortWard Level 1.025064 226.42494 100859.57253
cohortOrgan Support 1.036344 22096.67552 61209.74465
EmergencyTRUE 1.022066  1540.17927  95925.25396
Age (years) 1.044532 131.11930 549.17750
Dx To Admn (days) 1.024828 309.97962 1339.09472
CRC Stage- HRB 1.021841 266.57807 120714.55836
Hospital LOS (Days) 1.008360 957.91772  49436.41841
pre_scot 1.016045 586.82776  88712.89985
regime_catFOLFOX 1.011878  3319.56302 115783.09015
regime_cat5FU 1.016759 1606.26099 63372.18457
regime_catCapecitabine 1.022557  1799.36371  92346.63191
Sex 1.094325 62.01389 103.79397
SIMD Quintile 2 1.024837 579.75024  50294.31244
SIMD Quintile 3 1.024777 232.39392  84931.29748
SIMD Quintile 4 1.089334 65.34202 669.19775
SIMD Quintile 5 1.029794 8767.76650 86050.93074
cohortWard LevelEmergencyTRUE 1.030149 187.67430 467.95469
cohortOrgan SupportEmergencyTRUE 1.034222 11587.48374 96787.77730

Figure C.16 shows the posterior predictive check for the model.
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Figure C.16: Posterior predictive check of multivariable model (SACT E) using uninformative
priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions
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D Survival

D.1 Overall Survival Including Post Operative Mortality

Table D.15: Estimated survivorship across all patients with colorectal cancer

Overall Elective Emergency
Characteristic Ward Level | Monitoring | Organ Support | Ward Level | Monitoring | Organ Support
N =43,773 | N=10,189 | N =14,756 N = 2,687 N=11,185 | N =3,589 N =1,367
Hospital Survivorship
Survived 38,385 (88%) | 9,606 (94%) | 14,524 (98%) | 2,338 (87%) | 7,836 (70%) | 3,156 (88%) 925 (68%)
Kaplan 5 Year Survivorship
KM Estimate 52% 54% 70% 61% 23% 40% 34%
Total 5 Year Survivorship (Inc. Hospital Mortality)
KM Estimate 46% 51% 69% 53% 16% 35% 23%
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D.2 Total Cohort Multivariable Analysis

Table D.16: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival (total cohort), from multivariable survival model

using uninformative priors, for all other variables included in the model

Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect

Age <40 0.83 (0.76 - 0.9) 100.0C 0.77 0.00 99.23 99.23% chance mean-
ingful reduction

Age 40-49 0.66 (0.57 - 0.77) 100.0C 0.00 0.00 100.00 100% chance mean-
ingful reduction

Age 50-59 0.91 (0.86 - 0.96) 99.95 30.93 0.00 69.07 69.07% chance mean-
ingful reduction

Age 70-79 1.21 (1.16 - 1.26) 100.0C 0.00 100.00 0.00 100% chance mean-
ingful increase

Age > 80 1.36 (1.3 - 1.43) 100.0C 0.00 100.00 0.00 100% chance mean-
ingful increase

vs age 60-69

Surgical Resection 1.31 (1.24-1.38) 100.0C 0.00 100.00 0.00 100% chance mean-

- False ingful increase

vs curative resection in admission

Comorbidity 1.12 (1.07 - 1.16) 100.0C 11.60 88.40 0.00 88.4% chance mean-

Count: 1 ingful increase

Comorbidity Count 1.21 (1.15-1.28) 100.0C 0.01  99.99 0.00 99.99% chance mean-

>2 ingful increase

vs zero additional comorbidity

Admission Duration 1.10 (1.06 - 1.15) 100.0C 30.90 69.11 0.00 69.11% chance mean-

2-3 Weeks ingful increase

Admission Duration 1.34 (1.28 - 1.41) 100.0C 0.00 100.00 0.00 100% chance mean-

3-4 Weeks ingful increase

Admission Duration 1.52 (1.45 - 1.6) 100.0C 0.00 100.00 0.00 100% chance mean-

> 4 Weeks ingful increase

vs admission duration <1 week

Diagnosis Inciden- 0.93 (0.85-1.02) 93.34 62.81 0.03 37.16 37.16% chance mean-

tal Finding ingful reduction

Diagnosis 0.99 (0.86 - 1.14) 53.62 75.03 9.72 15.25 15.25% chance mean-

Other/Not Known ingful reduction

Diagnosis Screen- 0.59 (0.55-0.63) 100.0C 0.00 0.00 100.00 100% chance mean-

ing Examination ingful reduction

vs diagnosis following clinical presentation

Emergency Admis- 1.73 (1.63-1.83) 100.0C 0.00 100.00 0.00 100% chance mean-

sion ingful increase

vs Elective admission

Operations Multi- 0.98 (0.93-1.04) 70.61 98.34 0.04 1.62 1.62% chance mean-

ple ingful reduction

Operations None 1.26 (1.19-1.33) 100.0C 0.00 100.00 0.00 100% chance mean-
ingful increase

Vs one operation

SIMD Quintile 2 0.97 (0.92-1.02) 90.66 98.51 0.00 1.49 1.49% chance mean-
ingful reduction

SIMD Quintile 3 0.94 (0.9 - 0.98) 99.57 80.40 0.00 19.60 19.6% chance mean-
ingful reduction

SIMD Quintile 4 0.99 (0.94-1.03) 72.56 99.79 0.00 0.21 0.21% chance mean-
ingful reduction

SIMD Quintile 5 0.97 (0.92-1.01) 92.00 97.57 0.00 2.43 2.43% chance mean-
ingful reduction

vs SIMD Quintile 1

Surgical Admission  0.90 (0.86 - 0.94) 100.0C 11.76 0.00 88.24 88.24% chance mean-
ingful reduction

vs medical admission

Therapy Objec- 6.12 (5.89 - 6.35) 100.0C 0.00 100.00 0.00 100% chance mean-

tives Non Curative ingful increase

/ Palliative

Therapy Objec- 2.01 (1.89 - 2.13) 100.0C 0.00 100.00 0.00 100% chance mean-

tives Not Known
vs curative intent

ingful increase

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease




D. Survival

Variable

Intercept

cohortNoCriticalCare
cohortCritCareMOrganSupport
non_elective_admnEmergency
Age <40

Age 40-49

Age 50-59

Age 70-79

Age >80

Surgical Resection - False
Comorbidity Count: 1
Comorbidity Count > 2
Admission Duration 2 - 3 Weeks
Admission Duration 3 - 4 Weeks
Admission Duration > 4 Weeks
Diagnosis Screening Examination
Diagnosis Incidental Finding
Diagnosis Other/NotKnown
Operations None

Operations Multiple

SIMD Quintile 2

SIMD Quintile 3

SIMD Quintile 4

SIMD Quintile 5

Surgical Admission

Therapy Objectives Non Curative / Palliative

Therapy Objectives Not Known

cohortNoCriticalCare:non_elective_admnEmergency
cohortCritCareMOrganSupport:non_elective_admnEmergency

stend_1

~

R

~1

~1

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

413

Bulk ESS Tail ESS

27152.74
24294.62
33467.95
24514.83
39888.04
45948.98
34284.48
28449.74
30516.31
36778.24
41208.69
43800.04
32500.60
31851.36
32906.51
46386.25
48606.06
15525.11
33048.90
37280.46
23659.61
27080.17
23840.04
23844.82
41330.07
34319.43
40400.74
20913.11
29940.78
22452.78

27344.584
10149.973
29542.177
28169.029
29003.461
26895.474
29859.626
29799.990
28334.826
26120.448
29303.280
29131.311
30557.336
27567.999
30483.585
29303.505
27748.203
5892.654

28013.741
20000.167
25202.446
27090.664
10505.658
23929.202
23540.059
28839.724
23165.707
7661.781

29398.678
26481.356

Table D.17: Multivariable Regression Summary - Measures of model validity
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Figure D.17: Posterior predictive check of multivariable model (Survival Total) using
uninformative priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions
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D.3 SACT Cohort Multivariable Analysis

Table D.18: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival among patients who received adjuvant SACT,
from multivariable survival model using uninformative priors, for all other variables included in

the model
Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect
Age < 40 0.87 (0.54-1.36) 72.72 43.15 10.98 45.87 45.87% chance mean-
ingful reduction
Age 40 - 49 0.81 (0.47 - 1.35) 78.63 33.59 8.98 57.43 57.43% chance mean-
ingful reduction
Age 50 - 59 0.88 (0.64 - 1.22) 76.96 53.66 5.70 40.64 40.64% chance mean-
ingful reduction
Age 70 - 79 1.65 (1.22 - 2.23) 99.91 1.03 98.97 0.00 98.97% chance mean-
ingful increase
Age > 80 1.21 (0.63-2.27) 71.38 30.09 55.68 14.22 55.68% chance mean-

ingful increase
vs age 60-69

Stage High-Risk B 0.80 (0.55-1.14) 88.86 35.34 2.18 62.48 62.48% chance mean-
ingful reduction

vs Anatomic Stage Il

Delay During SACT  1.64 (1.26 - 2.15)  99.99 0.39 99.61 0.00 99.61% chance mean-
ingful increase

vs no delay during chemotherapy

Renal Disease 1.14 (0.62 -2.04) 67.07 33.87 49.42 16.72 49.42% chance mean-
ingful increase

vs no renal comorbidity

Delay Starting 0.94 (0.69 - 1.26) 66.25 65.18 8.95 25.86 25.86% chance mean-

SACT ingful reduction

vs no delay commencing chemotherapy

Admission 2 - 3 1.03 (0.76 - 1.38) 57.00 66.80 22.76 10.45 22.76% chance mean-

weeks ingful increase
Admission 3 - 4 0.93 (0.61-1.37) 64.70 51.80 14.17 34.03 34.03% chance mean-
weeks ingful reduction
Admission > 4 1.33 (0.86 - 2.05) 89.88 23.42 74.36 2.22 74.36% chance mean-
weeks ingful increase

vs admission duration <1 week

Emergency Admis- 1.81 (1.28 - 2.54) 99.95 0.50 99.50 0.00 99.5% chance mean-
sion ingful increase

vs Elective admission

Screening Diagno- 0.86 (0.63 - 1.16) 83.91 49.33 2.88 47.80 47.8% chance mean-

sis ingful reduction
vs non-screening diagnosis
Female Sex 1.08 (0.83 - 1.41) 70.67 65.00 30.91 4.08 30.91% chance mean-

ingful increase
vs male

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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Variable R Bulk ESS Tail ESS
Intercept ~1.01 42721.77 30322.62
Ward Level ~1.01 45905.38 29638.24
Organ Support ~1.01 44802.80 30217.74
Emergency Admission ~1.01 39168.54 31862.42
Age ~ 40 ~1.01 50241.70 30110.99
Age 40 - 49 ~1.01 52529.43 29451.32
Age 50 - 59 ~1.01 43765.67 28520.95
Age 70 79 ~1.01 44022.87 30630.92
Age >80 ~1.01 56932.24 29299.75
Stage High-Risk B ~1.01 50017.19 28165.67
Delay During SACT ~1.01 54570.84 29810.21
Renal Disease ~1.01 52460.90 28232.11
Delay Starting SACT ~1.01 50310.38 30013.65
Admission 2 - 3 weeks ~1.01 40410.99 28492.20
Admission 3 - 4 weeks ~1.01 41070.40 29022.35
Admission > 4weeks ~1.01 39202.56 30346.81
Screening Diagnosis ~1.01 52738.81 29136.04
Female Sex ~1.01 51865.72 29254.66
cohortNoCriticalCare:non_elective_admnEmergency ~1.01 37719.74 28954.39
cohortCritCareMOrganSupport:non_elective_admnEmergency ~1.01 44161.37 31177.35
stend_1 ~1.01 48610.28 28061.37

Table D.19: Multivariable Regression Summary - Measures of Model Validity - SACT
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Figure D.18: Posterior predictive check of multivariable model (Survival SACT-eligible) using

uninformative priors

Dark blue line (y) represents observed data, light-blue lines (y,) represent predictions

sampled from posterior probability distributions
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E Critical lllness

E.1 Kaplan-Meier Survival Including In-Hospital Mortality

The following Kaplan-Meier curves provide context for the discharge-conditional sur-
vival comparator presented in Section 8.4.3. They show long-term survival for the
SACT-eligible cohort including patients who died during the index hospital admission,

both as a single population curve and stratified by days of organ support.
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Figure E.19: Kaplan-Meier long-term survival for the SACT-eligible cohort admitted to critical
care, single population curve, including in-hospital mortality.



A. Elective

100% -

90%

80% A

70% A

60% A

50% o

40% 4

Overall Survival (%)

30%

20% A

Monitoring
At Risk 1712 1672
Events 0 40
Survival (%) 100% 98%
Cl (%) 100-10097-98
Single
At Risk 114 109
Events 0 5
Survival (%) 100% 96%
Cl (%) 100-100 92-99
Multiple
At Risk 252 208
Events 0 44
Survival (%) 100% 83%

Cl (%) 100-100 78-87

Figure E.20: Kaplan-Meier long-term survival for the SACT-eligible cohort, stratified by days of organ support,
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Table E.20: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for receipt of adjuvant SACT, from multivariable time-to-event model using
uninformative priors, for all other variables included in the model

Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect Ex-

plained

Age 40-49 1.25 (0.88 - 1.75) 90.00 31.08 66.82 2.10 66.82% chance mean-
ingful increase

Age 50-59 1.34 (1.08 - 1.67) 99.68 9.09 90.91 0.00 90.91% chance mean-
ingful increase

Age 60-69 1.18 (0.96 - 1.45) 94.20 44.04 55.81 0.14 55.81% chance mean-
ingful increase

Age 70-79 0.56 (0.46 - 0.7) 100.0C 0.00 0.00 100.00 100% chance mean-
ingful reduction

Age > 80 0.08 (0.06 - 0.11) 100.0C 0.00 0.00 100.00 100% chance mean-

ingful reduction
vs age <40

CRC Stage- HRB 0.58 (0.51 - 0.66) 100.0C 0.00 0.00 100.00 100% chance mean-
ingful reduction

vs Stage Il

Dementia 0.63 (0.35-1.1) 94.78 11.65 1.47 86.88 86.88% chance mean-
ingful reduction

vs no dementia

Comorbidities 0.73 (0.63-0.84) 100.0C 0.58 0.00 99.42 99.42% chance mean-
1 Additional ingful reduction
Comorbidities 0.37 (0.28 - 0.49) 100.0C 0.00 0.00 100.00 100% chance mean-
2+ Additional ingful reduction

vs no additional comorbidity

Emergency 0.90 (0.78 - 1.03) 93.71 65.66 0.03 34.31 34.31% chance mean-

ingful reduction
vs Elective admission

Female 1.16 (1.05-1.29) 99.84 47.52 52.49 0.00 52.49% chance mean-
ingful increase

vs male

SIMD Quintile 2 1.00 (0.85-1.18) 51.20 90.94 4.27 4.79 NA

SIMD Quintile 3 1.19 (1.01 - 1.39) 98.41 38.98 61.02 0.00 61.02% chance mean-
ingful increase

SIMD Quintile 4 1.20 (1.02 - 1.41) 98.77 32.70 67.30 0.00 67.3% chance mean-
ingful increase

SIMD Quintile 5 1.31 (1.12-1.53) 99.98 6.44 93.55 0.00 93.55% chance mean-

ingful increase
vs SIMD Quintile 1

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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E.2 Sensitivity Analysis
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D Emergency: Single day organ support (vs Monitoring in Critical Care)

Figure E.21: Sensitivity Analysis - Comparisons of posterior probability distribution of the
hazard ratio for receipt of adjuvant SACT, from multivariable time-to-event models using
different prior probability distributions

Facet key provided for variable names and comparators

Table E.21: Sensitivity Analysis - Summary of comparisons of posterior probability
distribution of the hazard ratio for receipt of adjuvant SACT, from models using different prior
probability distributions

variable res_uninf res_skep uninf_skep res_opt uninf_opt res_pess uninf_pess
elec_multiple  0.59 (0.48 - 0.71) 0.61 (0.51 - 0.73) -0.03 (-0.19 - 0.14) 0.62 (0.52 - 0.74) -0.04 (-0.2 - 0.13) 0.6 (0.5 - 0.72) -0.02 (-0.18 - 0.14)
elec_single 0.74 (0.57 - 0.93) 0.77 (0.63 - 0.95) -0.04 (-0.27 - 0.2) 0.79 (0.64 - 0.96) -0.05 (-0.29 - 0.19) 0.76 (0.61 - 0.93) -0.02 (-0.26 - 0.22)
emerg_multiple 0.43 (0.31-0.59) 0.48 (0.37 - 0.63) -0.05(-0.24 - 0.14) 0.52 (0.4 - 0.67) -0.09 (-0.28 - 0.11) 0.45 (0.34 - 0.59) -0.02 (-0.2 - 0.17)
emerg_single 0.67 (0.46 - 0.96) 0.72 (0.53 - 0.97) -0.05 (-0.37 - 0.3) 0.78 (0.57 - 1.05) -0.11 (-0.45 - 0.25) 0.66 (0.48 - 0.9)  0.01 (-0.3 - 0.36)
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E.3 Receipt of Adjuvant SACT: Model Validity and Posterior Predic-

tive Check

Table E.22: Model validity check - adjuvant SACT receipt.

Rhat Bulk_ESS  Tail_ESS
Intercept 1.000112 30356.19 29596.67
days_organ_supportSingle 1.000071 43849.88 30122.30
days_organ_supportMultiple 1.000045 42110.22 30303.47
nature_admnEmergency 1.000138 44310.98 32323.71
AGE_GROUP40M49 1.000206 33149.66 29282.15
AGE_GROUP50M59 1.000498 18873.70 25065.02
AGE_GROUP60M69 1.000171 18136.87 23984.23
AGE_GROUP70M79 1.000453 18594.72 23673.43
AGE_GROUP80P 1.000011 27606.18 30073.06
DUKEHRB 1.000124 54223.65 29776.47
charlson_count1 1.000403 46969.92 29294.08
charlson_count2P 1.000288 49510.79 29166.29
c_dementiaTRUE 1.000193 51313.70 29029.27
simd_quintile2 1.000400 29341.94 31679.46
simd_quintile3 1.000290 27180.25 29888.14
simd_quintile4 1.000336 27366.60 30049.46
simd_quintile5 1.000350 26469.40 29721.06
sex 1.000258 51244.65 30578.01
days_organ_supportSingle:nature_admnEmergency 1.000154 40862.39 29403.32
days_organ_supportMultiple:nature_admnEmergency 1.000268 38177.52 31005.07
stend_1 1.000348 54077.74 29581.98
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Figure E.22: Posterior predictive check of multivariable model (SACT receipt) using
uninformative priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions
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Table E.23: Multivariable Analysis Results - Summary of posterior probability distribution of
the hazard ratio for five-year overall survival, from multivariable survival model using
uninformative priors, for all other variables included in the model

Variable Median Crl PD ROPE Increase Decrease Percentage Of
(%) (%) Largest Effect Ex-

plained

Age 40-49 0.71 (0.43 - 1.16) 91.01 22.07 2.77 75.16 75.16% chance mean-
ingful reduction

Age 50-59 0.70 (0.51-0.98) 98.21 12.53 0.14 87.33 87.33% chance mean-
ingful reduction

Age 60-69 0.83 (0.62 -1.12) 89.29 42.19 1.49 56.32 56.32% chance mean-
ingful reduction

Age 70-79 1.54 (1.17 -2.03) 99.91 1.82 98.18 0.00 98.18% chance mean-
ingful increase

Age > 80 2.33 (1.77 - 3.09) 100.0C 0.00 100.00 0.00 100% chance mean-

ingful increase
vs age <40

CRC Stage- HRB 0.55 (0.47 - 0.64) 100.0C 0.00 0.00 100.00 100% chance mean-
ingful reduction

vs Stage Il

Dementia 1.38 (0.83-2.18) 89.89 20.39 76.58 3.02 76.58% chance mean-
ingful increase

vs no dementia

Comorbidities 1.35 (1.13 - 1.6) 99.97 3.57 96.43 0.00 96.43% chance mean-
1 Additional ingful increase
Comorbidities 1.32 (1.04 - 1.67) 98.70 12.43 87.53 0.04 87.53% chance mean-
2+ Additional ingful increase

vs no additional comorbidity

Emergency 2.21 (1.87 - 2.61) 100.0C 0.00 100.00 0.00 100% chance mean-

ingful increase
vs Elective admission

Female 0.98 (0.85-1.13) 62.77 95.87 1.29 2.84 2.84% chance mean-
ingful reduction

vs male

SIMD Quintile 2 0.92 (0.74-1.13) 79.02 73.73 1.76 24.51 24.51% chance mean-
ingful reduction

SIMD Quintile 3 0.92 (0.75-1.13) 79.29 74.94 1.64 23.42 23.42% chance mean-
ingful reduction

SIMD Quintile 4 0.80 (0.65-0.99) 98.00 28.78 0.03 71.19 71.19% chance mean-
ingful reduction

SIMD Quintile 5 0.83 (0.67 - 1.02) 95.88 40.98 0.12 58.90 58.9% chance mean-

ingful reduction
vs SIMD Quintile 1

Crl - 95% Credible Interval, PD - Probability of Direction, Increase/Decrease -
Percentage of clinically meaningful increase/decrease
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E.4 Five-Year Survival: Model Validity and Posterior Predictive

Check
B C D
2.0 0.5 1.0 15 2.0 0.5 1.0 15 2.0 0.5 1.0 1.5 2.0

Priors Used uninformative skeptical optimistic . pessimistic

A

A Elective: Multiple days organ support (vs Elective monitoring in critical care)

B Elective: Single day organ support (vs Elective monitoring in critical care)

C Emergency: Multiple days organ support (vs Emergency monitoring in critical care)
D Emergency: Single day organ support (vs Emergency monitoring in critical care)

Figure E.23: Sensitivity Analysis - Comparisons of posterior probability distribution of the
hazard ratio for five-year overall survival, from multivariable survival models using different
prior probability distributions
Facet key provided for variable names and comparators

Table E.24: Sensitivity Analysis - Summary of comparisons of posterior probability
distribution of the hazard ratio for five-year overall survival, from multivariable survival
models using different prior probability distributions
Facet key provided for variable names and comparators

variable res_uninf res_skep uninf_skep res_opt uninf_opt res_pess uninf_pess
elec_multiple ~ 1.43 (1.14-1.79) 1.31(1.07-1.6)  0.12 (-0.29 - 0.56)  1.34 (1.09 - 1.63) 0.09 (-0.33 - 0.53)  1.28 (1.05 - 1.57) 0.15 (-0.26 - 0.58)
elec_single 1.15 (0.84 - 1.56) 1.11 (0.86 - 1.41) 0.05 (-0.39 - 0.52) 1.14 (0.89 - 1.46) 0.01 (-0.43 - 0.49) 1.07 (0.83 - 1.37) 0.09 (-0.35 - 0.55)

emerg_multiple 1.07 (0.81-1.4) 1.16 (0.9 -1.48) -0.09 (-0.5-0.32) 1.23 (0.96 - 1.57) -0.16 (-0.59 - 0.26) 1.08 (0.84 - 1.39) -0.02 (-0.43 - 0.39)
emerg_single 1.05(0.71-1.5) 1.11(0.8-1.51) -0.06 (-0.58 - 0.49) 1.22 (0.88 - 1.66) -0.17 (-0.72 - 0.39) 1 (0.71-1.38) 0.05 (-0.45 - 0.59)
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Table E.25: Model validity check five-year all-cause mortality.

Rhat Bulk_ESS  Tail_ESS
Intercept 1.000296 30581.89 28051.82
days_organ_supportSingle 1.000040 46102.07 30040.30
days_organ_supportMultiple 1.000096 43117.10 27256.20
nature_admnEmergency 1.000266 44166.92 25015.50
AGE_GROUP40M49 1.000030 48314.19 28403.02
AGE_GROUP50M59 1.000183 29036.29 29948.53
AGE_GROUP60M69 1.000214 24657.36 28132.78
AGE_GROUP70M79 1.000178 23523.66 26452.85
AGE_GROUPS80P 1.000217 23575.15 26352.02
DUKEHRB 1.000140 55697.75 28227.64
charlson_count1 1.000265 59220.58 27671.44
charlson_count2P 1.000381 53645.82 27558.32
c_dementiaTRUE 1.000439 53510.05 28123.23
simd_quintile2 1.000133 37690.35 31312.19
simd_quintile3 1.000038 37283.11 31286.13
simd_quintile4 1.000138 38100.96 31762.63
simd_quintile5 1.000132 37385.13 31165.38
sex 1.000439 56403.26 23170.09
days_organ_supportSingle:nature_admnEmergency 1.000008 43022.85 30749.38
days_organ_supportMultiple:nature_admnEmergency 1.000090 38686.80 23238.80
stend_1 1.000372 37309.36 29882.45
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Figure E.24: Posterior predictive check of multivariable model (survival) using uninformative
priors
Dark blue line (y) represents observed data, light-blue lines (y,,) represent predictions
sampled from posterior probability distributions



Bibliography

A Cervantes L Castelo-Branco, C Sessa G Pentheroudakis E Martinelli M L Candia
(2025). ESMO Living Guideline: Metastatic Colorectal Cancer. Tech. rep. Euro-
pean Society of Medical Oncology. URL: https://www.esmo.org/guidelines /living-
guidelines / esmo - metastatic - colorectal - cancer - living - guideline / esmo - metastatic -
colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline.

Abe, Tatsuhiko, Toshishige Takagi and Tomoko Fujii (2023). ‘Update on the manage-
ment of acute respiratory failure using non-invasive ventilation and pulse oxime-
try’. In: Critical Care 27.1. DOI: 10.1186/s13054-023-04370-4.

Alexandra M. Zaborowski, and et al. (2021). ‘Characteristics of Early-Onset vs Late-
Onset Colorectal Cancer’. In: JAMA Surgery 156.9, p. 865. DOI: 10.1001/jamasurg.
2021.2380.

Altman, D. G and J M. Bland (Aug. 1998). ‘Statistics Notes: Time to event (survival)
data’. In: BMJ 317.7156, pp. 468-469. ISSN: 1468-5833. DOI: 10.1136/bmj.317.7156.
468.

Amin, Mahul B. et al. (2017). AJCC cancer staging manual - 8. edicion. Springer. ISBN:
9783319406176.

Andonovic, Mark et al. (2022). ‘Short- and long-term outcomes of intensive care pa-
tients with acute kidney disease’. In: eClinical Medicine 44, p. 101291. DOI: 10.
1016/j.eclinm.2022.101291.

André, Thierry et al. (June 2004). ‘Oxaliplatin, Fluorouracil, and Leucovorin as Ad-
juvant Treatment for Colon Cancer’. In: New England Journal of Medicine 350.23,

Pp. 2343-2351. ISSN: 1533-4406. DOI: 10.1056 /nejmoa032709.

427


https://www.esmo.org/guidelines/living-guidelines/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline
https://www.esmo.org/guidelines/living-guidelines/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline
https://www.esmo.org/guidelines/living-guidelines/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline/esmo-metastatic-colorectal-cancer-living-guideline
https://doi.org/10.1186/s13054-023-04370-4
https://doi.org/10.1001/jamasurg.2021.2380
https://doi.org/10.1001/jamasurg.2021.2380
https://doi.org/10.1136/bmj.317.7156.468
https://doi.org/10.1136/bmj.317.7156.468
https://doi.org/10.1016/j.eclinm.2022.101291
https://doi.org/10.1016/j.eclinm.2022.101291
https://doi.org/10.1056/nejmoa032709

BIBLIOGRAPHY 428

Andréjak, Claire et al. (2011). ‘Admission of advanced lung cancer patients to inten-
sive care unit: A retrospective study of 76 patients’. In: 11. ISSN: 1471-2407. DOI:
10.1186/1471-2407-11-159.

Argilés, G. et al. (2020). ‘Localised colon cancer: ESMO Clinical Practice Guidelines
for diagnosis, treatment and follow-up’. In: Annals of Oncology 31.10, pp. 1291-
1305. DOI: 10.1016/j.annonc.2020.06.022.

Atramont, Alice et al. (May 2019). ‘Association of Age With Short-term and Long-term
Mortality Among Patients Discharged From Intensive Care Units in France’. In: JAMA
Network Open 2.5, e193215. ISSN: 2574-3805. DOI: 10.1001/jamanetworkopen.2019.
3215.

Attia, John, Elizabeth Holliday and Christopher Oldmeadow (2022). ‘A proposal for
capturing interaction and effect modification using DAGs’. In: International Journal
of Epidemiology 51.4, pp. 1047-1053. ISSN: 1464-3685. DOI: 10.1093/ije/dyac126.

Auclin, Edouard et al. (2017). ‘Outcomes in elderly patients admitted to the intensive
care unit with solid tumors’. In: Ann. Intensive Care 7.1. DOI: 10.1186/s13613-017-
0250-0. URL: https://doi.org/10.1186%2Fs13613-017-0250-0.

Audit Scotland (Dec. 2024). NHS in Scotland 2024: Finance and Performance. Tech.
rep. Concluded that the current healthcare delivery model is not sustainable. A&E
performance at approximately 70% against the 95% target; sickness absence at 6.2%
against the 4% standard. Audit Scotland. URL: https://audit.scot /uploads /2024-
11/nr_ 241203 nhs_in_ scotland 2024.pdf.

Azoulay, Elie et al. (2001). ‘Improved survival in cancer patients requiring mechanical
ventilatory support: Impact of noninvasive mechanical ventilatory support’. In: 29,
pp. 519-525. ISSN: 0090-3493. DOI: 10.1097/00003246-200103000-00009.

Azoulay, Elie et al. (2011). ‘Intensive care of the cancer patient: recent achievements
and remaining challenges’. In: Ann. Intensive Care 1.1. DOI: 10.1186/2110-5820-1-5.
URL: https://doi.org/10.1186%2F2110-5820-1-5.

Bailly, Christian (Oct. 2019). ‘Irinotecan: 25 years of cancer treatment’. In: Pharmaco-

logical Research 148, p. 104398. ISSN: 1043-6618. DOI: 10.1016/j.phrs.2019.104398.


https://doi.org/10.1186/1471-2407-11-159
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.1001/jamanetworkopen.2019.3215
https://doi.org/10.1001/jamanetworkopen.2019.3215
https://doi.org/10.1093/ije/dyac126
https://doi.org/10.1186/s13613-017-0250-0
https://doi.org/10.1186/s13613-017-0250-0
https://doi.org/10.1186%2Fs13613-017-0250-0
https://audit.scot/uploads/2024-11/nr_241203_nhs_in_scotland_2024.pdf
https://audit.scot/uploads/2024-11/nr_241203_nhs_in_scotland_2024.pdf
https://doi.org/10.1097/00003246-200103000-00009
https://doi.org/10.1186/2110-5820-1-5
https://doi.org/10.1186%2F2110-5820-1-5
https://doi.org/10.1016/j.phrs.2019.104398

BIBLIOGRAPHY 429

Balestroni, Gianluigi and Giorgio Bertolotti (2015). ‘EuroQol-5D (EQ-5D): an instru-
ment for measuring quality of life’. In: Monaldi Archives for Chest Disease 78.3.
DOI: 10.4081/monaldi.2012.121.

Bartos, Frantisek, Frederik Aust and Julia M. Haaf (Sept. 2022). ‘Informed Bayesian
survival analysis’. In: BMC Medical Research Methodology 22.1. ISSN: 1471-2288.
DOI: 10.1186/s12874-022-01676-9.

Baxter, Nancy N. et al. (Mar. 2022). ‘Adjuvant Therapy for Stage Il Colon Cancer:
ASCO Guideline Update’. In: Journal of Clinical Oncology 40.8, pp. 892-910. ISSN:
1527-7755. DOI: 10.1200/jco.21.02538.

Bender, Andreas and Fabian Scheipl (2018). ‘pammtools: Piece-wise exponential Ad-
ditive Mixed Modeling tools’. In: arXiv:1806.01042 [stat]. URL: https://arxiv.org/
abs/1806.01042.

Benguerfi, Soraya et al. (Aug. 2024). ‘Factors associated with cancer treatment re-
sumption after ICU stay in patients with solid tumors’. In: Annals of Intensive Care
14.1. ISSN: 2110-5820. DOI: 10.1186/s13613-024-01366-3.

Bernheim, Susannah M. et al. (2008). ‘Influence of Patients’ Socioeconomic Status
on Clinical Management Decisions: A Qualitative Study’. In: The Annals of Family
Medicine 6.1, pp. 53-59. ISSN: 1544-1709. DOI: 10.1370 /afm.749. eprint: https:
//www.annfammed.org/content /6/1/53.full.pdf. URL: https://www.annfammed.org/
content/6/1/53.

Bland, J M. and D. G Altman (Dec. 1998). ‘Statistics Notes: Survival probabilities (the
Kaplan-Meier method)’. In: BMJ 317.7172, pp. 1572-1580. ISSN: 1468-5833. DOI:
10.1136/bmj.317.7172.1572.

Boakye, Daniel et al. (Jan. 2021). ‘The association of comorbidities with adminis-
tration of adjuvant chemotherapy in stage Illl colon cancer patients: a system-
atic review and meta-analysis’. In: Therapeutic Advances in Medical Oncology 13,
p. 175883592098652. ISSN: 1758-8359. DOI: 10.1177/1758835920986520.

Borcoman, Edith et al. (2020). ‘One-year survival in patients with solid tumours dis-
charged alive from the intensive care unit after unplanned admission: A retrospec-
tive study’. In: Journal of Critical Care 57, pp. 36-41. DOI: 10.1016/j.jcrc.2020.01.
027. URL: https://doi.org/10.1016%2Fj.jcre.2020.01.027.


https://doi.org/10.4081/monaldi.2012.121
https://doi.org/10.1186/s12874-022-01676-9
https://doi.org/10.1200/jco.21.02538
https://arxiv.org/abs/1806.01042
https://arxiv.org/abs/1806.01042
https://doi.org/10.1186/s13613-024-01366-3
https://doi.org/10.1370/afm.749
https://www.annfammed.org/content/6/1/53.full.pdf
https://www.annfammed.org/content/6/1/53.full.pdf
https://www.annfammed.org/content/6/1/53
https://www.annfammed.org/content/6/1/53
https://doi.org/10.1136/bmj.317.7172.1572
https://doi.org/10.1177/1758835920986520
https://doi.org/10.1016/j.jcrc.2020.01.027
https://doi.org/10.1016/j.jcrc.2020.01.027
https://doi.org/10.1016%2Fj.jcrc.2020.01.027

BIBLIOGRAPHY 430

Bradbury, Kathryn E, Neil Murphy and Timothy J Key (2019). ‘Diet and colorectal can-
cer in UK Biobank: a prospective study’. In: International Journal of Epidemiology
49.1, pp. 246-258. DOI: 10.1093/ije/dyz064.

Brummel, Nathan E. et al. (2020). ‘Prevalence and Course of Frailty in Survivors of
Critical Illness’. In: Critical Care Medicine 48.10, pp. 1419-1426. DOI: 10.1097/ccm.
0000000000004444.

Bryden, Daniele et al. (Jan. 2024). ‘We must consider ageing and frailty when sharing
decision making in intensive care’. In: BMJ, q116. ISSN: 1756-1833. DOI: 10.1136/
bmj.q116.

Burkner, Paul (2020). Commit c1419ec, officially support the ’cox’ family #230. Ac-
cessed: 2025-07-28. URL: https: / / github . com / paul - buerkner / brms / commit /
c1419ecd974a6a447e58002d8932d2527f9e82¢0.

Burkner, Paul-Christian (2017a). ‘brms: An R Package for Bayesian Multilevel Models
Using Stan’. In: Journal of Statistical Software 80.1. ISSN: 1548-7660. DOI: 10.
18637 /jss.v080.i01.

- (2017b). ‘brms: An R Package for Bayesian Multilevel Models Using Stan’. In: Journal
of Statistical Software 80.1, pp. 1-28. DOI: 10.18637/jss.v080.i01.

Camus, M. F. et al. (2014). ‘Rate and patterns of ICU admission among colorectal can-
cer patients: a single-center experience’. In: Support Care Cancer 23.6, pp. 1779-
1785. DOI: 10.1007/s00520-014-2524-5. URL: https://doi.org/10.1007%2Fs00520-014-
2524-5.

Cardoso, Rafael et al. (2021). ‘Colorectal cancer incidence, mortality, and stage dis-
tribution in European countries in the colorectal cancer screening era: an interna-
tional population-based study’. In: The Lancet Oncology 22.7, pp. 1002-1013. DOI:
10.1016/s1470-2045(21)00199-6.

Carrillo-Torres, O., M.A. Mendiola-Roa and M.A. Ramirez-Torres (2018). ‘Pain in pa-
tients in critical condition and its environment’. In: Revista Médica del Hospital
General de México 81.4, pp. 276-281. DOI: 10.1016/j.hgmx.2016.05.018.

Cervantes, A. et al. (2023). ‘Metastatic colorectal cancer: ESMO Clinical Practice
Guideline for diagnosis, treatment and follow-up’. In: Annals of Oncology 34.1,

pp. 10-32. DOI: 10.1016/j.annonc.2022.10.003.


https://doi.org/10.1093/ije/dyz064
https://doi.org/10.1097/ccm.0000000000004444
https://doi.org/10.1097/ccm.0000000000004444
https://doi.org/10.1136/bmj.q116
https://doi.org/10.1136/bmj.q116
https://github.com/paul-buerkner/brms/commit/c1419ecd974a6a447e58002d8932d2527f9e82e0
https://github.com/paul-buerkner/brms/commit/c1419ecd974a6a447e58002d8932d2527f9e82e0
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.18637/jss.v080.i01
https://doi.org/10.1007/s00520-014-2524-5
https://doi.org/10.1007%2Fs00520-014-2524-5
https://doi.org/10.1007%2Fs00520-014-2524-5
https://doi.org/10.1016/s1470-2045(21)00199-6
https://doi.org/10.1016/j.hgmx.2016.05.018
https://doi.org/10.1016/j.annonc.2022.10.003

BIBLIOGRAPHY 431

Charlson, M. E. et al. (1987). ‘A new method of classifying prognostic comorbidity in
longitudinal studies: development and validation.’ In: Journal of chronic diseases
40 (5), pp. 373-383. ISSN: 0021-9681. DOI: 10.1016,/0021-9681(87)90171-8. ppublish.

Cherny, N.I. et al. (Aug. 2025). ‘ESMO-Magnitude of Clinical Benefit Scale version 2.0
(ESMO-MCBS v2.0)’. In: Annals of Oncology 36.8, pp. 866-908. ISSN: 0923-7534. DOI:
10.1016/j.annonc.2025.04.006.

Clarissa, Cyra, Barry Quinn and Rosie Stenhouse (2021). ‘“Fix the issues at the coal-
face and mental wellbeing will be improved”: a framework analysis of frontline
NHS staff experiences and use of health and wellbeing resources in a Scottish
health board area during the COVID-19 pandemic’. In: BMC Health Services Re-
search 21. Scotland-specific qualitative study. Staff consistently reported that in-
dividual wellbeing interventions were meaningless when systemic organizational
factors—staffing, workload, management support—remained unchanged while ex-
pectations persisted., p. 1249. DOI: 10.1186/s12913-021-07103-x. URL: https://
bmchealthservres. biomedcentral.com /articles/10.1186 /s12913-021-07103-x.

Combes, Alain et al. (May 2018). ‘Extracorporeal Membrane Oxygenation for Severe
Acute Respiratory Distress Syndrome’. In: New England Journal of Medicine 378.21,
pp- 1965-1975. ISSN: 1533-4406. DOI: 10.1056 /nejmoal800385.

Compton, C. C. and F. L. Greene (2004). ‘The Staging of Colorectal Cancer: 2004 and
Beyond’. In: CA: A Cancer Journal for Clinicians 54.6, pp. 295-308. DOI: 10.3322/
canjclin.54.6.295.

Cosgrove, Joe et al. (2019). Care at the End of Life: A Guide to Best Practice, Dis-
cussion and Decision-Making in and around Critical Care. Tech. rep. The Faculty of
Intensive Care Medicine.

Culy, Christine R., Delyth Clemett and Lynda R. Wiseman (Oct. 2000). ‘Oxaliplatin:
A Review of its Pharmacological Properties and Clinical Efficacy in Metastatic Col-
orectal Cancer and its Potential in Other Malignancies’. In: Drugs 60.4, pp. 895-924.
ISSN: 0012-6667. DOI: 10.2165/00003495-200060040-00005.

Dahlberg, Sofia et al. (Mar. 2026). ‘Unplanned intensive care unit admission after
elective colon cancer resection: population-based registry study’. In: BJS Open

10.2. ISSN: 2474-9842. DOI: 10.1093 /bjsopen /zraf178.


https://doi.org/10.1016/0021-9681(87)90171-8
https://doi.org/10.1016/j.annonc.2025.04.006
https://doi.org/10.1186/s12913-021-07103-x
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-021-07103-x
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-021-07103-x
https://doi.org/10.1056/nejmoa1800385
https://doi.org/10.3322/canjclin.54.6.295
https://doi.org/10.3322/canjclin.54.6.295
https://doi.org/10.2165/00003495-200060040-00005
https://doi.org/10.1093/bjsopen/zraf178

BIBLIOGRAPHY 432

Dale, C. D. et al. (2016). ‘Critical care provision after colorectal cancer surgery’. In:
BMC Anesthesiology 16.1. DOI: 10.1186/s12871-016-0243-9.

Dale, David C. et al. (July 2003). ‘Myelotoxicity and Dose Intensity of Chemotherapy:
Reporting Practices From Randomized Clinical Trials’. In: Journal of the National
Comprehensive Cancer Network 1.3, pp. 440-454. ISSN: 1540-1413. DOI: 10.6004/
jncen.2003.0038.

Davies, Rachel et al. (July 2022). ‘A systematic review of observational methods used
to quantify personal protective behaviours among members of the public during the
COVID-19 pandemic, and the concordance between observational and self-report
measures in infectious disease health protection’. In: BMC Public Health 22.1. ISSN:
1471-2458. DOI: 10.1186/s12889-022-13819-0.

Dawson, Caroline (2018). Colorectal Cancer - Measurability of Quality Performance
Indicators Version 3.3. Tech. rep. Information Services Division.

DeBruin, Debra, Joan Liaschenko and Mary Faith Marshall (2012). ‘Social justice in
pandemic preparedness’. In: Am. J. Public Health 102.4, pp. 586-591.

Dennen, Paula, Ivor S. Douglas and Robert Anderson (Jan. 2010). ‘Acute kidney injury
in the intensive care unit: An update and primer for the intensivist’. In: Critical Care
Medicine 38.1, pp. 261-275. ISSN: 0090-3493. DOI: 10.1097/ccm.0b013e3181bfb0b5.

Des Guetz, Gaetan et al. (Apr. 2010). ‘Does delaying adjuvant chemotherapy after
curative surgery for colorectal cancer impair survival? A meta-analysis’. In: Euro-
pean Journal of Cancer 46.6, pp. 1049-1055. ISSN: 0959-8049. DOI: 10.1016/j.ejca.
2010.01.020.

Di Girolamo, Chiara et al. (May 2018). ‘Characteristics of patients with missing infor-
mation on stage: a population-based study of patients diagnosed with colon, lung or
breast cancer in England in 2013.” In: BMC cancer 18 (1), p. 492. ISSN: 1471-2407.
DOI: 10.1186/s12885-018-4417-3. epublish.

Docherty, Christie et al. (Dec. 2023). ‘The relationship between pain, anxiety and
depression in patients with post-intensive care syndrome’. In: Journal of Critical

Care 78, p. 154359. ISSN: 0883-9441. DOI: 10.1016/j.jcrc.2023.154359.


https://doi.org/10.1186/s12871-016-0243-9
https://doi.org/10.6004/jnccn.2003.0038
https://doi.org/10.6004/jnccn.2003.0038
https://doi.org/10.1186/s12889-022-13819-0
https://doi.org/10.1097/ccm.0b013e3181bfb0b5
https://doi.org/10.1016/j.ejca.2010.01.020
https://doi.org/10.1016/j.ejca.2010.01.020
https://doi.org/10.1186/s12885-018-4417-3
https://doi.org/10.1016/j.jcrc.2023.154359

BIBLIOGRAPHY 433

Espinoza, Sara E., Myla Quiben and Helen P. Hazuda (Dec. 2018). ‘Distinguishing Co-
morbidity, Disability, and Frailty.’ In: Current geriatrics reports 7 (4), pp. 201-209.
ISSN: 2196-7865. DOI: 10.1007/s13670-018-0254-0. ppublish.

Evans, David C. et al. (2012). ‘Comorbidity-Polypharmacy Scoring Facilitates Outcome
Prediction in Older Trauma Patients’. In: J Am Geriatr Soc 60.8, pp. 1465-1470.
DOI: 10.1111/j.1532-5415.2012.04075.x. URL: https://doi.org/10.1111%2F;j.1532-
5415.2012.04075.x.

Ferreira, David et al. (2020a). ‘A consensus checklist to help clinicians interpret clin-
ical trial results analysed by Bayesian methods’. In: British Journal of Anaesthesia
125.2, pp. 208-215. DOI: 10.1016/j.bja.2020.04.093.

- (Aug. 2020b). ‘Theory and practical use of Bayesian methods in interpreting clinical
trial data: a narrative review’. In: British Journal of Anaesthesia 125.2, pp. 201-
207. ISSN: 0007-0912. DOI: 10.1016/j.bja.2020.04.092.

Flaatten, H. and M. Reinikainen (2015). ‘Severity scoring, outcome prediction and
mortality endpoints in intensive care’. In: Acta Anaesthesiologica Scandinavica
59.7, pp- 819-821. ISSN: 1399-6576. DOI: 10.1111/aas.12553.

Fraser, Elizabeth (Jan. 2020). Scottish Index of Multiple Deprivation 2020. Online.
URL: https://www.gov.scot/publications/scottish-index-multiple-deprivation-2020/.
Galtung, Johan (1969). ‘Violence, Peace, and Peace Research’. In: Journal of Peace

Research 6.3, pp. 167-191.

Gelman, Andrew et al. (2020). Bayesian Workflow. DOI: 10.48550/ARXIV.2011.01808.

Gheerbrant, Hubert et al. (2021). ‘Factors associated with survival of patients with
solid Cancer alive after intensive care unit discharge between 2005 and 2013’. In:
BMC Cancer 21.1. DOI: 10.1186/s12885-020-07706-3. URL: https://doi.org/10.1186%
2Fs12885-020-07706-3.

Gilbert, Thomas et al. (2018). ‘Development and validation of a Hospital Frailty Risk
Score focusing on older people in acute care settings using electronic hospital
records: an observational study’. In: The Lancet 391.10132, pp. 1775-1782. DOI:
10.1016/s0140-6736(18)30668-8.


https://doi.org/10.1007/s13670-018-0254-0
https://doi.org/10.1111/j.1532-5415.2012.04075.x
https://doi.org/10.1111%2Fj.1532-5415.2012.04075.x
https://doi.org/10.1111%2Fj.1532-5415.2012.04075.x
https://doi.org/10.1016/j.bja.2020.04.093
https://doi.org/10.1016/j.bja.2020.04.092
https://doi.org/10.1111/aas.12553
https://www.gov.scot/publications/scottish-index-multiple-deprivation-2020/
https://doi.org/10.48550/ARXIV.2011.01808
https://doi.org/10.1186/s12885-020-07706-3
https://doi.org/10.1186%2Fs12885-020-07706-3
https://doi.org/10.1186%2Fs12885-020-07706-3
https://doi.org/10.1016/s0140-6736(18)30668-8

BIBLIOGRAPHY 434

Gill, Sharlene et al. (May 2004). ‘Pooled Analysis of Fluorouracil-Based Adjuvant Ther-
apy for Stage Il and lll Colon Cancer: Who Benefits and by How Much?’ In: Journal
of Clinical Oncology 22.10, pp. 1797-1806. ISSN: 1527-7755. DOI: 10.1200/jco.2004.
09.059.

Ginesi, Meridith et al. (2022). ‘Functional Not Medical Frailty Is Associated With Long-
Term Disability After Surgery for Colorectal Cancer’. In: Cureus. DOI: 10.7759 /
cureus.23216.

Griffiths, John et al. (2013). ‘An exploration of social and economic outcome and
associated health-related quality of life after critical illness in general intensive
care unit survivors: a 12-month follow-up study’. In: Critical Care 17.3, R100. DOI:
10.1186/cc12745.

Gutiérrez-Sanchez, Daniel et al. (2021). ‘The Quality of Dying and Death of Advanced
Cancer Patients in Palliative Care and Its Association With Place of Death and Qual-
ity of Care’. In: Journal of Hospice &amp Palliative Nursing 23.3, pp. 264-270. DOI:
10.1097/njh.0000000000000752.

Haller, Daniel G. et al. (Apr. 2011). ‘Capecitabine Plus Oxaliplatin Compared With
Fluorouracil and Folinic Acid As Adjuvant Therapy for Stage Il Colon Cancer’. In:
Journal of Clinical Oncology 29.11, pp. 1465-1471. ISSN: 1527-7755. DOI: 10.1200/
j€0.2010.33.6297.

Hanna, Catherine et al. (2021). ‘Creation of the first national linked colorectal can-
cer dataset in Scotland: prospects for future research and a reflection on lessons
learned’. In: IJPDS 6.1. DOI: 10.23889 /ijpds.v6il.1654. URL: https://doi.org/10.
23889%2Fijpds.v6il.1654.

Hanna, C.R. et al. (Sept. 2022). ‘Cancer Trial Impact: Understanding Implementation
of the Short Course Oncology Treatment (SCOT) Trial Findings in colorectal cancer
at a National Level’. In: Clinical Oncology 34.9, pp. 554-560. ISSN: 0936-6555. DOI:
10.1016/j.clon.2022.03.012.

Hanna, Timothy P et al. (Nov. 2020). ‘Mortality due to cancer treatment delay: sys-
tematic review and meta-analysis’. In: BMJ, p. m4087. ISSN: 1756-1833. DOI: 10.
1136 /bm;j.m4087.


https://doi.org/10.1200/jco.2004.09.059
https://doi.org/10.1200/jco.2004.09.059
https://doi.org/10.7759/cureus.23216
https://doi.org/10.7759/cureus.23216
https://doi.org/10.1186/cc12745
https://doi.org/10.1097/njh.0000000000000752
https://doi.org/10.1200/jco.2010.33.6297
https://doi.org/10.1200/jco.2010.33.6297
https://doi.org/10.23889/ijpds.v6i1.1654
https://doi.org/10.23889%2Fijpds.v6i1.1654
https://doi.org/10.23889%2Fijpds.v6i1.1654
https://doi.org/10.1016/j.clon.2022.03.012
https://doi.org/10.1136/bmj.m4087
https://doi.org/10.1136/bmj.m4087

BIBLIOGRAPHY 435

Harron, Katie et al. (Dec. 2017). ‘Challenges in administrative data linkage for re-
search’. In: Big Data amp; Society 4.2, p. 205395171774567. ISSN: 2053-9517. DOI:
10.1177/2053951717745678.

Harvey, Dan et al. (2018). Management of Perceived Devastating Brain Injury After
Hospital Admission a Consensus Statement. Tech. rep. The Faculty of Intensive Care
Medicine, The Royal College of Emergency Medicine, Neuro Anaesthesia Critical
Care Society of Great Britain and Ireland, Welsh Intensive Care Society.

Healthcare and Healthcare Improvement (2012). National Cancer Quality Programme.
Tech. rep. The Scottish Government.

Healthcare Improvement Scotland (2025). Colorectal Cancer: Clinical Quality Perfor-
mance Indicators v5. Tech. rep. Healthcare Improvement Scotland.

Healthier Scotland (2008). Better Cancer Care, an Action Plan. Tech. rep. Scottish
Government.

Henderson, Philip et al. (2022). ‘Evaluation of a health and social care programme to
improve outcomes following critical illness: a multicentre study’. In: Thorax 78.2,
pp. 160-168. DOI: 10.1136/thoraxjnl-2021-218428.

Hervas, David (2017). Add Cox Proportional Hazards models #230. GitHub issue #230
in paul-buerkner/brms repository. URL: https://github.com /paul-buerkner /brms/
issues/230 (visited on 28/07/2025).

Hill, A. D. et al. (Mar. 2016). ‘Long-term outcomes and healthcare utilization following
critical illness - a population-based study’. In: Critical Care 20.1. ISSN: 1364-8535.
DOI: 10.1186/s13054-016-1248-y.

Hofheinz, R.-D. et al. (Sept. 2025). ESMO Living Guideline: Localised Rectal Cancer
v1.0 July 2025. DOI: 10.1016/j.annonc.2025.05.528. URL: https://www.esmo.org/
guidelines/living-guidelines /esmo-living-guideline-localised-rectal-cancer.

Holleczek, Bernd et al. (Oct. 2015). ‘On-going improvement and persistent differ-
ences in the survival for patients with colon and rectum cancer across Europe 1999-
2007 - Results from the EUROCARE-5 study’. In: European Journal of Cancer 51.15,
pp. 2158-2168. ISSN: 0959-8049. DOI: 10.1016/j.ejca.2015.07.024.


https://doi.org/10.1177/2053951717745678
https://doi.org/10.1136/thoraxjnl-2021-218428
https://github.com/paul-buerkner/brms/issues/230
https://github.com/paul-buerkner/brms/issues/230
https://doi.org/10.1186/s13054-016-1248-y
https://doi.org/10.1016/j.annonc.2025.05.528
https://www.esmo.org/guidelines/living-guidelines/esmo-living-guideline-localised-rectal-cancer
https://www.esmo.org/guidelines/living-guidelines/esmo-living-guideline-localised-rectal-cancer
https://doi.org/10.1016/j.ejca.2015.07.024

BIBLIOGRAPHY 436

HQIP (2021). National Bowel Cancer Audit - Annual Report 2021. Tech. rep. Health-
care Quality Improvement Partnership. URL: https://www.nboca.org.uk /content /
uploads/2022/02/NBOCA-2021- AR-Final.pdf.

ICNARC (2024). Case Mix Programme Public Report 2023-2024. Tech. rep. Intensive
Care National Audit Research Centre.

Inoue, Shigeaki et al. (2019). ‘Post-intensive care syndrome: its pathophysiology, pre-
vention, and future directions’. In: Acute Medicine &amp Surgery 6.3, pp. 233-246.
DOI: 10.1002/ams2.415.

Intensive Care Society (2021). Levels of Adult Critical Care Second Edition Consensus
Statement. Tech. rep. The Faculty of Intensive Care Medicine.

ISD Scotland (2022). Version 4.2 Data Definitions for the National Minimum Core
Dataset to support the Introduction of Colorectal Quality Performance Indicators.
Tech. rep. Public Health Scotland.

Iveson, Timothy et al. (May 2019). ‘Prospective pooled analysis of four randomized tri-
als investigating duration of adjuvant (adj) oxaliplatin-based therapy (3 vs 6 months
m) for patients (pts) with high-risk stage Il colorectal cancer (CC).’ In: Journal of
Clinical Oncology 37.15,uppl, pp. 3501-3501. ISSN: 1527-7755. DOI: 10.1200/jco.
2019.37.15_ suppl.3501.

Iveson, Timothy et al. (Mar. 2026). ‘Three Versus 6 Months of Adjuvant Oxaliplatin-
Fluoropyrimidine Chemotherapy for Colorectal Cancer: Final Results of SCOT—An
International, Randomized, Phase Ill, Noninferiority Trial’. In: Journal of Clinical
Oncology 44.7, pp. 534-539. ISSN: 1527-7755. DOI: 10.1200/jco-25-00621.

Iveson, Timothy J et al. (Apr. 2018). ‘3 versus 6 months of adjuvant oxaliplatin-
fluoropyrimidine combination therapy for colorectal cancer (SCOT): an interna-
tional, randomised, phase 3, non-inferiority trial’. In: The Lancet Oncology 19.4,
pp. 562-578. ISSN: 1470-2045. DOI: 10.1016/s1470-2045(18)30093-7.

Jager, Kitty J. et al. (Sept. 2008). ‘The analysis of survival data: the Kaplan-Meier
method’. In: Kidney International 74.5. Kaplan Meier, pp. 560-565. ISSN: 0085-2538.
DOI: 10.1038/ki.2008.217.


https://www.nboca.org.uk/content/uploads/2022/02/NBOCA-2021-AR-Final.pdf
https://www.nboca.org.uk/content/uploads/2022/02/NBOCA-2021-AR-Final.pdf
https://doi.org/10.1002/ams2.415
https://doi.org/10.1200/jco.2019.37.15_suppl.3501
https://doi.org/10.1200/jco.2019.37.15_suppl.3501
https://doi.org/10.1200/jco-25-00621
https://doi.org/10.1016/s1470-2045(18)30093-7
https://doi.org/10.1038/ki.2008.217

BIBLIOGRAPHY 437

Jahan, Yasmin and Atiqur SM-Rahman (Dec. 2025). ‘Bridging the equity gap in col-
orectal cancer screening: A comparative analysis across high-income countries’.
In: Journal of Cancer Policy 46, p. 100657. ISSN: 2213-5383. DOI: 10.1016/j.jcpo.
2025.100657.

Jamil, Tahira et al. (June 2016). ‘Default “Gunel and Dickey” Bayes factors for contin-
gency tables’. In: Behavior Research Methods 49.2, pp. 638-652. ISSN: 1554-3528.
DOI: 10.3758/s13428-016-0739-8.

Jansen, Lina et al. (2020). ‘Area-Based Socioeconomic Inequalities in Colorectal Can-
cer Survival in Germany: Investigation Based on Population-Based Clinical Cancer
Registration’. In: Frontiers in Oncology 10. URL: https://api.semanticscholar.org/
CorpusID:218981461.

Janssen, Mathieu F., A. Simon Pickard and James W. Shaw (2021). ‘General population
normative data for the EQ-5D-3L in the five largest European economies’. In: The
European Journal of Health Economics 22.9, pp. 1467-1475. DOI: 10.1007/s10198-
021-01326-9.

Johnston, Marjorie C. et al. (2015). ‘Charlson index scores from administrative data
and case-note review compared favourably in a renal disease cohort’. In: European
Journal of Public Health 25.3, pp. 391-396. DOI: 10.1093/eurpub/cku238.

Jorres, Achim (2012). ‘Hemofiltration or hemodialysis for acute kidney injury?’ In:
Critical Care 16.4, p. 147. ISSN: 1364-8535. DOI: 10.1186/cc11450.

Kanth, Priyanka and John M Inadomi (2021). ‘Screening and prevention of colorectal
cancer’. In: BMJ 374. Used in Intro chapter for screening section. DOI: 10.1136/
bmj.n1855. eprint: https://www.bmj.com /content /374 /bmj.n1855.full.pdf. URL:
https://www.bmj.com/content/374/bmj.n1855.

Kells, B., B. Rachet and S. Ling (May 2025). ‘Age-Specific Socioeconomic Inequal-
ities in Treatment in Patients with Stage Ill Colon Cancer in England 2012-2016:
A Population-Based Study with Mediation Analysis’. In: Clinical Oncology 41,
p. 103799. ISSN: 0936-6555. DOI: 10.1016/j.clon.2025.103799.


https://doi.org/10.1016/j.jcpo.2025.100657
https://doi.org/10.1016/j.jcpo.2025.100657
https://doi.org/10.3758/s13428-016-0739-8
https://api.semanticscholar.org/CorpusID:218981461
https://api.semanticscholar.org/CorpusID:218981461
https://doi.org/10.1007/s10198-021-01326-9
https://doi.org/10.1007/s10198-021-01326-9
https://doi.org/10.1093/eurpub/cku238
https://doi.org/10.1186/cc11450
https://doi.org/10.1136/bmj.n1855
https://doi.org/10.1136/bmj.n1855
https://www.bmj.com/content/374/bmj.n1855.full.pdf
https://www.bmj.com/content/374/bmj.n1855
https://doi.org/10.1016/j.clon.2025.103799

BIBLIOGRAPHY 438

Kim, Ik Yong, Bo Ra Kim and Young Wan Kim (Sept. 2015). ‘Factors Affecting Use and
Delay (=8 Weeks) of Adjuvant Chemotherapy after Colorectal Cancer Surgery and
the Impact of Chemotherapy-Use and Delay on Oncologic Outcomes’. In: PLOS ONE
10.9. Ed. by Ramon Andrade de Mello, e0138720. ISSN: 1932-6203. DOI: 10.1371/
journal.pone.0138720.

Kinoshita, Hiroya et al. (2015). ‘Place of Death and the Differences in Patient Quality
of Death and Dying and Caregiver Burden’. In: JCO 33.4, pp. 357-363. DOI: 10.1200/
jc0.2014.55.7355. URL: https://doi.org/10.1200%2Fjc0.2014.55.7355.

Knapen, Daan Geert et al. (2020). ‘Lessons learnt from scoring adjuvant colon cancer
trials and meta-analyses using the ESMO-Magnitude of Clinical Benefit Scale V.1.1°.
In: ESMO Open 5.5, e000681. ISSN: 2059-7029. DOI: 10.1136/esmoopen-2020-000681.

Krishnamoorthy, Vijay et al. (2020a). ‘Causal inference in perioperative medicine ob-
servational research: part 1, a graphical introduction’. In: British Journal of Anaes-
thesia 125.3, pp. 393-397. ISSN: 0007-0912. DOI: 10.1016/j.bja.2020.03.031.

Krishnamoorthy, Vijay et al. (2020b). ‘Causal inference in perioperative medicine ob-
servational research: part 2, advanced methods’. In: British Journal of Anaesthesia
125.3, pp. 398-405. ISSN: 0007-0912. DOI: 10.1016/j.bja.2020.03.032.

Kruschke, John K. (2014). Doing Bayesian Data Analysis. 2nd ed. Elsevier.

- (May 2018). ‘Rejecting or Accepting Parameter Values in Bayesian Estimation’. In:
Advances in Methods and Practices in Psychological Science 1.2, pp. 270-280. ISSN:
2515-2467. DOI: 10.1177/2515245918771304.

- (2021). ‘Bayesian Analysis Reporting Guidelines’. In: Nature Human Behaviour 5.10,
pp- 1282-1291. DOI: 10.1038/s41562-021-01177-7.

Kurt, Will (2019). Bayesian Statistics the Fun Way. 1st ed. no starch press. ISBN:
9781593279561.

Landau, William Michael (2021). ‘The targets R package: a dynamic Make-like
function-oriented pipeline toolkit for reproducibility and high-performance com-
puting’. In: Journal of Open Source Software 6.57, p. 2959. DOI: 10.21105/joss.
02959. URL: https://doi.org/10.21105/joss.02959.


https://doi.org/10.1371/journal.pone.0138720
https://doi.org/10.1371/journal.pone.0138720
https://doi.org/10.1200/jco.2014.55.7355
https://doi.org/10.1200/jco.2014.55.7355
https://doi.org/10.1200%2Fjco.2014.55.7355
https://doi.org/10.1136/esmoopen-2020-000681
https://doi.org/10.1016/j.bja.2020.03.031
https://doi.org/10.1016/j.bja.2020.03.032
https://doi.org/10.1177/2515245918771304
https://doi.org/10.1038/s41562-021-01177-7
https://doi.org/10.21105/joss.02959
https://doi.org/10.21105/joss.02959
https://doi.org/10.21105/joss.02959

BIBLIOGRAPHY 439

Latour, Jos M. et al. (2022). ‘Improving the intensive care experience from the per-
spectives of different stakeholders’. In: Critical Care 26.1. DOI: 10.1186/s13054-
022-04094-x.

Lemmon, Elizabeth et al. (2024). ‘Variation in colorectal cancer treatment and out-
comes in Scotland: real world evidence from national linked administrative health
data.’ In: International journal of population data science 9 (1), p. 2179. ISSN:
2399-4908. DOI: 10.23889/ijpds.v6i1.2179. epublish.

Li, Qingguo et al. (2014). ‘Better Long-Term Survival in Young Patients with Non-
Metastatic Colorectal Cancer after Surgery, an Analysis of 69,835 Patients in SEER
Database’. In: PLoS ONE 9.4. Ed. by James P. Brody, €93756. DOI: 10.1371/journal.
pone.0093756.

Lone, Nazir I. et al. (July 2016). ‘Five-Year Mortality and Hospital Costs Associated
with Surviving Intensive Care’. In: American Journal of Respiratory and Critical
Care Medicine 194.2, pp. 198-208. ISSN: 1535-4970. DOI: 10.1164 /rccm.201511-
2234oc.

Lone, Nazir | et al. (Apr. 2018). ‘Predicting risk of unplanned hospital readmission
in survivors of critical illness: a population-level cohort study’. In: Thorax 74.11,
pp. 1046-1054. ISSN: 1468-3296. DOI: 10.1136/thoraxjnl-2017-210822.

Lourenco, Eva et al. (Nov. 2025). ‘Frailty and Outcomes in Elderly ICU Patients: In-
sights from a Portuguese Cohort.’ In: Healthcare (Basel, Switzerland) 13 (23). ISSN:
2227-9032. DOI: 10.3390/healthcare13233063. epublish.

Lowery, Jan T et al. (2020). ‘An action plan to address the rising burden of colorectal
cancer in younger adults’. In: Colorectal Cancer 9.3, CRC24. DOI: 10.2217/crc-2020-
0004. eprint: https://doi.org/10.2217/crc-2020-0004. URL: https://doi.org/10.2217/
cre-2020-0004.

Lyman, Gary H. (Jan. 2009). ‘Impact of Chemotherapy Dose Intensity on Cancer Pa-
tient Outcomes’. In: Journal of the National Comprehensive Cancer Network 7.1,

pp. 99-108. ISSN: 1540-1413. DOI: 10.6004/jncen.2009.0009.


https://doi.org/10.1186/s13054-022-04094-x
https://doi.org/10.1186/s13054-022-04094-x
https://doi.org/10.23889/ijpds.v6i1.2179
https://doi.org/10.1371/journal.pone.0093756
https://doi.org/10.1371/journal.pone.0093756
https://doi.org/10.1164/rccm.201511-2234oc
https://doi.org/10.1164/rccm.201511-2234oc
https://doi.org/10.1136/thoraxjnl-2017-210822
https://doi.org/10.3390/healthcare13233063
https://doi.org/10.2217/crc-2020-0004
https://doi.org/10.2217/crc-2020-0004
https://doi.org/10.2217/crc-2020-0004
https://doi.org/10.2217/crc-2020-0004
https://doi.org/10.2217/crc-2020-0004
https://doi.org/10.6004/jnccn.2009.0009

BIBLIOGRAPHY 440

Lyman, Gary H., David C. Dale and Jeffrey Crawford (Dec. 2003). ‘Incidence and
Predictors of Low Dose-Intensity in Adjuvant Breast Cancer Chemotherapy: A Na-
tionwide Study of Community Practices’. In: Journal of Clinical Oncology 21.24,
pp. 4524-4531. ISSN: 1527-7755. DOI: 10.1200/jc0.2003.05.002.

Lyman, Gary H. et al. (Nov. 2004). ‘Incidence and Predictors of Low Chemotherapy
Dose-Intensity in Aggressive Non-Hodgkin’s Lymphoma: A Nationwide Study’. In:
Journal of Clinical Oncology 22.21, pp. 4302-4311. ISSN: 1527-7755. DOI: 10.1200/
jco0.2004.03.213.

Mack, Jennifer W. et al. (2010). ‘End-of-Life Discussions, Goal Attainment, and Dis-
tress at the End of Life: Predictors and Outcomes of Receipt of Care Consistent With
Preferences’. In: Journal of Clinical Oncology 28.7, pp. 1203-1208. DOI: 10.1200/
j€0.2009.25.4672.

Makowski, Dominique, Mattan Ben-Shachar and Daniel Ludecke (Aug. 2019a).
‘bayestestR: Describing Effects and their Uncertainty, Existence and Significance
within the Bayesian Framework’. In: Journal of Open Source Software 4.40, p. 1541.
ISSN: 2475-9066. DOI: 10.21105/joss.01541.

Makowski, Dominique et al. (Dec. 2019b). ‘Indices of Effect Existence and Significance
in the Bayesian Framework’. In: Frontiers in Psychology 10. ISSN: 1664-1078. DOI:
10.3389/fpsyg.2019.02767.

Maley, Jason H. et al. (2016). ‘Resilience in Survivors of Critical Illness in the Context
of the Survivors’ Experience and Recovery’. In: Annals of the American Thoracic
Society 13.8, pp. 1351-1360. DOI: 10.1513/annalsats.201511-7820c.

Mariappan, Paramananthan et al. (Dec. 2024). ‘Achieving Benchmarks for National
Quality Indicators Reduces Recurrence and Progression in Non-muscle-invasive Blad-
der Cancer’. In: European Urology Oncology 7.6, pp. 1327-1337. ISSN: 2588-9311.
DOI: 10.1016/j.eu0.2024.01.012.

Marra, Annachiara et al. (2018). ‘Co-Occurrence of Post-Intensive Care Syndrome
Problems Among 406 Survivors of Critical Illness*’. In: Critical Care Medicine 46.9,

pp. 1393-1401. DOI: 10.1097/ccm.0000000000003218.


https://doi.org/10.1200/jco.2003.05.002
https://doi.org/10.1200/jco.2004.03.213
https://doi.org/10.1200/jco.2004.03.213
https://doi.org/10.1200/jco.2009.25.4672
https://doi.org/10.1200/jco.2009.25.4672
https://doi.org/10.21105/joss.01541
https://doi.org/10.3389/fpsyg.2019.02767
https://doi.org/10.1513/annalsats.201511-782oc
https://doi.org/10.1016/j.euo.2024.01.012
https://doi.org/10.1097/ccm.0000000000003218

BIBLIOGRAPHY 441

Martina Perez, Simon, Heba Sailem and Ruth E. Baker (June 2022). ‘Efficient Bayesian
inference for mechanistic modelling with high-throughput data’. In: PLOS Compu-
tational Biology 18.6. Ed. by Jennifer A. Flegg, e1010191. ISSN: 1553-7358. DOI:
10.1371/journal.pcbi.1010191.

Mayes, Jonathan et al. (2021). ‘Deaths in critical care and hospice—prevalence,
trends, influences: a national decedent cohort study’. In: BMJ Supportive &amp
Palliative Care, bmjspcare-2021-003157. DOI: 10.1136/bmjspcare-2021-003157.

McCleary, Nadine J. et al. (July 2013). ‘Impact of Age on the Efficacy of Newer Adju-
vant Therapies in Patients With Stage II/1ll Colon Cancer: Findings From the ACCENT
Database’. In: Journal of Clinical Oncology 31.20, pp. 2600-2606. ISSN: 1527-7755.
DOI: 10.1200/jco.2013.49.6638.

McElreath, Richard (2020). Statistical Rethinking. 2nd ed. CRC Press.

McPeake et al. (2019). ‘Social and economic problems of ICU survivors identified by a
structured social welfare consultation’. In: Critical Care 23.1. DOI: 10.1186/s13054-
019-2442-5.

McPeake, J. et al. (Dec. 2021). ‘Hospital re-admission after critical care survival:
a systematic review and meta-analysis’. In: Anaesthesia 77.4, pp. 475-485. ISSN:
1365-2044. DOI: 10.1111/anae.15644.

McPeake, Joanne and Mark E. Mikkelsen (2018). ‘The Evolution of Post Intensive Care
Syndrome’. In: Critical Care Medicine 46.9, pp. 1551-1552. DOI: 10.1097 / ccm .
0000000000003232.

McPeake, Joanne et al. (2022). ‘A multicentre evaluation exploring the impact of an
integrated health and social care intervention for the caregivers of ICU survivors’.
In: Critical Care 26.1. DOI: 10.1186/s13054-022-04014-z.

Merkow, Ryan P. et al. (Dec. 2013). ‘Effect of Postoperative Complications on Adjuvant
Chemotherapy Use for Stage Ill Colon Cancer’. In: Annals of Surgery 258.6, pp. 847-
853. ISSN: 0003-4932. DOI: 10.1097/sla.0000000000000312.

Meyers, Brandon M. et al. (Feb. 2017). ‘Utility of the Edmonton Frail Scale in iden-
tifying frail elderly patients during treatment of colorectal cancer’. In: Journal of
Gastrointestinal Oncology 8.1, pp. 32-38. ISSN: 2219-679X. DOI: 10.21037/jgo.2016.
11.12.


https://doi.org/10.1371/journal.pcbi.1010191
https://doi.org/10.1136/bmjspcare-2021-003157
https://doi.org/10.1200/jco.2013.49.6638
https://doi.org/10.1186/s13054-019-2442-5
https://doi.org/10.1186/s13054-019-2442-5
https://doi.org/10.1111/anae.15644
https://doi.org/10.1097/ccm.0000000000003232
https://doi.org/10.1097/ccm.0000000000003232
https://doi.org/10.1186/s13054-022-04014-z
https://doi.org/10.1097/sla.0000000000000312
https://doi.org/10.21037/jgo.2016.11.12
https://doi.org/10.21037/jgo.2016.11.12

BIBLIOGRAPHY 442

Montagu, David (2021). ‘The Provision of Private Healthcare Services in European
Countries: Recent Data and Lessons for Universal Health Coverage in Other Set-
tings’. In: Frontiers in Public Health 9, p. 636750. DOI: 10.3389/fpubh.2021.636750.

Moran, Brendan, Sharad Karandikar and lan Geh (2017). ‘Association of Coloproctology
of Great Britain &amp Ireland (ACPGBI): Guidelines for the Management of Cancer
of the Colon, Rectum and Anus (2017) - Introduction’. In: Colorectal Dis 19, pp. 6-8.
DOI: 10.1111/codi.13702. URL: https://doi.org/10.1111%2Fcodi.13702.

Morton, Dion et al. (2023). ‘Preoperative Chemotherapy for Operable Colon Cancer:
Mature Results of an International Randomized Controlled Trial’. In: Journal of Clin-
ical Oncology 41.8. PMID: 36657089, pp. 1541-1552. DOI: 10.1200/JCO.22.00046.
eprint: https://doi.org/10.1200/JC0O.22.00046. URL: https://doi.org/10.1200/JCO.
22.00046.

Myles, Paul S et al. (2017). ‘Validation of days at home as an outcome measure after
surgery: a prospective cohort study in Australia’. In: BMJ Open 7.8, €015828. DOI:
10.1136 /bmjopen-2017-015828. URL: https://doi.org/10.1136 % 2Fbmjopen-2017-
015828.

Moller, Lennart et al. (2023). ‘The epidemiology of colorectal cancer in younger and
older patients’. In: Deutsches Arzteblatt international. DOI: 10.3238 /arztebl.m2023.
0041.

Mollers, Tobias et al. (2018). ‘Length of hospital stay and dementia: A systematic
review of observational studies’. In: International Journal of Geriatric Psychiatry
34.1, pp. 8-21. ISSN: 1099-1166. DOI: 10.1002/gps.4993.

Mduller, Kirill (2020). here: A Simpler Way to Find Your Files. R package version 1.0.1.
URL: https://CRAN.R-project.org/package=here.

National Cancer Institute (2001). Colon-Rectum. Visuals Online, National Cancer Insti-
tute. Line drawing showing colon, rectum, stomach, cecum, appendix, small intes-
tine and anus. Medical illustration, B&W, JPEG format. URL: https://visualsonline.
cancer.gov/details.cfm?imageid=1768 (visited on 01/09/2025).

National Cancer Quality Steering Group (2020). Colorectal Cancer Clinical Quality
Performance Indicators Engagement Document. Tech. rep. Scottish Cancer Task-

force.


https://doi.org/10.3389/fpubh.2021.636750
https://doi.org/10.1111/codi.13702
https://doi.org/10.1111%2Fcodi.13702
https://doi.org/10.1200/JCO.22.00046
https://doi.org/10.1200/JCO.22.00046
https://doi.org/10.1200/JCO.22.00046
https://doi.org/10.1200/JCO.22.00046
https://doi.org/10.1136/bmjopen-2017-015828
https://doi.org/10.1136%2Fbmjopen-2017-015828
https://doi.org/10.1136%2Fbmjopen-2017-015828
https://doi.org/10.3238/arztebl.m2023.0041
https://doi.org/10.3238/arztebl.m2023.0041
https://doi.org/10.1002/gps.4993
https://CRAN.R-project.org/package=here
https://visualsonline.cancer.gov/details.cfm?imageid=1768
https://visualsonline.cancer.gov/details.cfm?imageid=1768

BIBLIOGRAPHY 443

National Cancer Quality Steering Group (2025). Colorectal Cancer Clinical Quality
Performance Indicators. Tech. rep. Scottish Cancer Taskforce.

National Institute for Health and Care Excellence (2021). NG151 Colorectal Cancer.
Tech. rep. National Institute for Health and Care Excellence.

Ng, Hwei Jene et al. (Apr. 2025). ‘Changes in frailty status and discharge destination
post emergency laparotomy’. In: World Journal of Emergency Surgery 20.1. ISSN:
1749-7922. DOI: 10.1186/s13017-025-00612-8.

NHS (2023). Bowel screening in Scotland. Tech. rep. Accessed: 2023-03-
06. https://www.nhsinform.scot/healthy-living/screening/bowel-screening/. URL:
https://www.nhsinform.scot /healthy-living/screening /bowel-screening /.

NHS Digital (Feb. 2023). Cancer Survival in England, cancers diagnosed 2016 to 2020,
followed up to 2021. URL: https://files.digital.nhs.uk/A9/647D6D /adult__cancer
survival 2016 2020.xlIsx.

NHS inform (2023). Bowel screening: Bowel screening in Scotland. Tech. rep. NHS
Scotland. URL: https://www . nhsinform . scot / healthy - living / screening / bowel -
screening.

NICE (Jan. 2020). 151: Colorectal cancer.

Nielson, Carrie M. et al. (June 2021). ‘Relative Dose Intensity of Chemotherapy and
Survival in Patients with Advanced Stage Solid Tumor Cancer: A Systematic Review
and <scp>Meta-Analysis</scp>’. In: The Oncologist 26.9, e1609-e1618. ISSN: 1549-
490X. DOI: 10.1002/0onco.13822.

Nolan, Jerry P. et al. (2021). ‘European Resuscitation Council and European Society
of Intensive Care Medicine guidelines 2021: post-resuscitation care’. In: Intensive
Care Medicine 47.4, pp. 369-421. DOI: 10.1007/s00134-021-06368-4.

Normilio-Silva, Karina et al. (2016). ‘Long-Term Survival, Quality of Life, and Quality-
Adjusted Survival in Critically Ill Patients With Cancerx’. In: Critical Care Medicine
44.7, pp. 1327-1337. DOI: 10.1097/ccm.0000000000001648. URL: https://doi.org/10.
1097%2F ccm.0000000000001648.


https://doi.org/10.1186/s13017-025-00612-8
https://www.nhsinform.scot/healthy-living/screening/bowel-screening/
https://files.digital.nhs.uk/A9/647D6D/adult_cancer_survival_2016_2020.xlsx
https://files.digital.nhs.uk/A9/647D6D/adult_cancer_survival_2016_2020.xlsx
https://www.nhsinform.scot/healthy-living/screening/bowel-screening
https://www.nhsinform.scot/healthy-living/screening/bowel-screening
https://doi.org/10.1002/onco.13822
https://doi.org/10.1007/s00134-021-06368-4
https://doi.org/10.1097/ccm.0000000000001648
https://doi.org/10.1097%2Fccm.0000000000001648
https://doi.org/10.1097%2Fccm.0000000000001648

BIBLIOGRAPHY 444

Oeyen, S. G. et al. (2012). ‘Long-term outcomes and quality of life in critically ill
patients with hematological or solid malignancies: a single center study’. In: In-
tensive Care Med 39.5, pp. 889-898. DOI: 10.1007/s00134-012-2791-x. URL: https:
/ /doi.org/10.1007%2Fs00134-012-2791-x.

Ohtake, Patricia J et al. (2018). ‘Physical Impairments Associated With Post-Intensive
Care Syndrome: Systematic Review Based on the World Health Organization's Inter-
national Classification of Functioning, Disability and Health Framework’. In: Phys-
ical Therapy 98.8, pp. 631-645. DOI: 10.1093/ptj/pzy059.

Oken, M. M. et al. (Dec. 1982). ‘Toxicity and response criteria of the Eastern Coopera-
tive Oncology Group.’ In: American journal of clinical oncology 5 (6), pp. 649-655.
ISSN: 0277-3732. ppublish.

Piccirillo, J. F. and A. R. Feinstein (Mar. 1996). ‘Clinical symptoms and comorbidity:
significance for the prognostic classification of cancer.’ In: Cancer 77 (5), pp. 834-
842. ISSN: 0008-543X. ppublish.

Prasanna, Thiru et al. (Mar. 2018). ‘Dose modifications in adjuvant chemotherapy for
solid organ malignancies: A systematic review of clinical trials’. In: Asia-Pacific
Journal of Clinical Oncology 14.3, pp. 125-133. ISSN: 1743-7563. DOI: 10.1111/ajco.
12864.

Praca, Ana Paula Agnolon et al. (Aug. 2024). ‘Decreased Long-Term Survival of Patients
With Newly Diagnosed Cancer Discharged Home After Unplanned ICU Admission: A
Prospective Observational Study’. In: Critical Care Explorations 6.8, e1136. ISSN:
2639-8028. DOI: 10.1097/cce.0000000000001136.

Public Health Scotland (2022a). Cancer Incidence in Scotland To December 2020 A
National Statistics release for Scotland Publication date: 12 April 2022. Tech. rep.
Public Health Scotland.

- (2022b). Cancer Survival in Scotland. Tech. rep. Public Health Scotland.

- (2023). Scottish Bowel Screening Programme Statistics for the Period of Invitations
from May 2020 to April 2022. Tech. rep. Public Health Scotland.

- (2026). CHI Linkage and Indexing (CHILI). Online. URL: https://publichealthscotland.
scot /resources-and-tools /health-intelligence-and-data- management /chi-linkage-and-

indexing-chili/services/.


https://doi.org/10.1007/s00134-012-2791-x
https://doi.org/10.1007%2Fs00134-012-2791-x
https://doi.org/10.1007%2Fs00134-012-2791-x
https://doi.org/10.1093/ptj/pzy059
https://doi.org/10.1111/ajco.12864
https://doi.org/10.1111/ajco.12864
https://doi.org/10.1097/cce.0000000000001136
https://publichealthscotland.scot/resources-and-tools/health-intelligence-and-data-management/chi-linkage-and-indexing-chili/services/
https://publichealthscotland.scot/resources-and-tools/health-intelligence-and-data-management/chi-linkage-and-indexing-chili/services/
https://publichealthscotland.scot/resources-and-tools/health-intelligence-and-data-management/chi-linkage-and-indexing-chili/services/

BIBLIOGRAPHY 445

Puxty, Kathryn et al. (2014). ‘Survival in solid cancer patients following intensive care
unit admission’. In: Intensive Care Med 40.10, pp. 1409-1428. DOI: 10.1007/s00134-
014-3471-9. URL: https://doi.org/10.1007%2Fs00134-014-3471-9.

Puxty, Kathryn et al. (2015). ‘Risk of Critical Illness Among Patients With Solid Can-
cers’. In: JAMA Oncol 1.8, p. 1078. DOI: 10.1001 /jamaoncol.2015.2855. URL: https:
//doi.org/10.1001%2Fjamaoncol.2015.2855.

- (2018). ‘Characteristics and Outcomes of Surgical Patients With Solid Cancers Ad-
mitted to the Intensive Care Unit’. In: JAMA Surg 153.9, p. 834. DOI: 10.1001/
jamasurg.2018.1571. URL: https://doi.org/10.1001%2Fjamasurg.2018.1571.

Puxty, Kathryn et al. (2020). ‘Factors associated with intensive care admission in
patients with lung cancer: a population-based observational study of 26, 731 pa-
tients’. In: BMC Pulm Med 20.1. DOI: 10.1186 /s12890-020-1071-8. URL: https:
/ /doi.org/10.1186%2Fs12890-020-1071-8.

Richards, Mike (2019). Report of the Independent Review of Adult Screening Pro-
grammes in England. Tech. rep. NHS England.

Robertson, Lynn et al. (2019). ‘Measuring multimorbidity in hospitalised patients us-
ing linked hospital episode data: comparison of two measures’. In: International
Journal of Population Data Science 4.1. DOI: 10.23889/ijpds.v4il.461.

Royal College of Nursing (May 2024). State of the Profession Report: RCN Employment
Survey 2023. Tech. rep. UK-wide employment survey with Scotland-specific break-
downs. Documents increasing unpaid overtime, understaffing, and declining ability
to provide safe care. Royal College of Nursing. URL: https://www.rcn.org.uk/-
/media/Royal-College-Of-Nursing /Documents /Publications/2024 /May /011-484.pdf.

Saoudi Gonzalez, Nadia et al. (Jan. 2024). ‘Cetuximab as a Key Partner in Personalized
Targeted Therapy for Metastatic Colorectal Cancer’. In: Cancers 16.2, p. 412. ISSN:
2072-6694. DOI: 10.3390/cancers16020412.

Saposnik, Gustavo et al. (Nov. 2016). ‘Cognitive biases associated with medical deci-
sions: a systematic review’. In: BMC Medical Informatics and Decision Making 16.1.

ISSN: 1472-6947. DOI: 10.1186/s12911-016-0377-1.


https://doi.org/10.1007/s00134-014-3471-9
https://doi.org/10.1007/s00134-014-3471-9
https://doi.org/10.1007%2Fs00134-014-3471-9
https://doi.org/10.1001/jamaoncol.2015.2855
https://doi.org/10.1001%2Fjamaoncol.2015.2855
https://doi.org/10.1001%2Fjamaoncol.2015.2855
https://doi.org/10.1001/jamasurg.2018.1571
https://doi.org/10.1001/jamasurg.2018.1571
https://doi.org/10.1001%2Fjamasurg.2018.1571
https://doi.org/10.1186/s12890-020-1071-8
https://doi.org/10.1186%2Fs12890-020-1071-8
https://doi.org/10.1186%2Fs12890-020-1071-8
https://doi.org/10.23889/ijpds.v4i1.461
https://www.rcn.org.uk/-/media/Royal-College-Of-Nursing/Documents/Publications/2024/May/011-484.pdf
https://www.rcn.org.uk/-/media/Royal-College-Of-Nursing/Documents/Publications/2024/May/011-484.pdf
https://doi.org/10.3390/cancers16020412
https://doi.org/10.1186/s12911-016-0377-1

BIBLIOGRAPHY 446

Sargent, Daniel et al. (Feb. 2009). ‘Evidence for Cure by Adjuvant Therapy in Colon
Cancer: Observations Based on Individual Patient Data From 20,898 Patients on 18
Randomized Trials’. In: Journal of Clinical Oncology 27.6, pp. 872-877. ISSN: 1527-
7755. DOI: 10.1200/jc0.2008.19.5362.

Schober, Patrick and Thomas R. Vetter (Sept. 2018). ‘Survival Analysis and Interpreta-
tion of Time-to-Event Data: The Tortoise and the Hare’. In: Anesthesia amp; Anal-
gesia 127.3, pp. 792-798. ISSN: 0003-2999. DOI: 10.1213/ane.0000000000003653.

Schoot, Rens van de et al. (2021). ‘Bayesian statistics and modelling’. In: Nature
Reviews Methods Primers 1.1. DOI: 10.1038/s43586-020-00001-2.

Scottish Cancer Taskforce (2021). Version 4.0 Colorectal Cancer Clinical Quality Per-
formance Indicators. Tech. rep. Healthcare Improvement Scotland.

Shah, Rajan and Kelvin K. W. Chan (2021). ‘The impact of socioeconomic status on
stage at presentation, receipt of diagnostic imaging, receipt of treatment and over-
all survival in colorectal cancer patients’. In: International Journal of Cancer 149.5,
pp. 1031-1043. DOI: https://doi.org/10.1002/ijc.33622. eprint: https://onlinelibrary.
wiley.com /doi/pdf/10.1002/ijc.33622. URL: https://onlinelibrary.wiley.com/doi/abs/
10.1002/ijc.33622.

SICSAG (2014). WardWatcher - Minimum Data Set. Tech. rep. Critical Care Audit Ltd.

SICSAG (2015). Minimum Standards and Quality Indicators for Critical Care in Scot-
land. Tech. rep. NHS National Services Scotland.

- (2022). Audit of Critical Care in Scotland 2022 Reporting on 2021. Tech. rep. Public
Health Scotland.

Sidebotham, David and C. Jake Barlow (Mar. 2022). ‘False-positive and false-negative
risks for individual multicentre trials in critical care’. In: BJA Open 1, p. 100003.
ISSN: 2772-6096. DOI: 10.1016/j.bjao.2022.100003.

Simpson, Alasdair et al. (2020). ‘Comorbidity and survival after admission to the in-
tensive care unit: A population-based study of 41,230 patients’. In: Journal of the
Intensive Care Society 22.2, pp. 143-151. DOI: 10.1177/1751143720914229. URL:
https://doi.org/10.1177%2F1751143720914229.


https://doi.org/10.1200/jco.2008.19.5362
https://doi.org/10.1213/ane.0000000000003653
https://doi.org/10.1038/s43586-020-00001-2
https://doi.org/https://doi.org/10.1002/ijc.33622
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ijc.33622
https://onlinelibrary.wiley.com/doi/pdf/10.1002/ijc.33622
https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.33622
https://onlinelibrary.wiley.com/doi/abs/10.1002/ijc.33622
https://doi.org/10.1016/j.bjao.2022.100003
https://doi.org/10.1177/1751143720914229
https://doi.org/10.1177%2F1751143720914229

BIBLIOGRAPHY 447

Sjoberg, Daniel D. et al. (2021). ‘Reproducible Summary Tables with the gtsummary
Package’. In: The R Journal 13 (1), pp. 570-580. DOI: 10.32614/RJ-2021-053. URL:
https://doi.org/10.32614/RJ-2021-053.

Skrepnek, Grant H (2007). ‘The Contrast and Convergence of Bayesian and Frequen-
tist Statistical Approaches in Pharmacoeconomic Analysis’. In: PharmacoEconomics
25.8, pp. 649-664. ISSN: 1170-7690. DOI: 10.2165/00019053-200725080-00003.

Smit, J. M. et al. (Nov. 2023). ‘Causal inference using observational intensive care unit
data: a scoping review and recommendations for future practice’. In: npj Digital
Medicine 6.1. ISSN: 2398-6352. DOI: 10.1038/s41746-023-00961-1.

Soares, M. et al. (2014). ‘Intensive care in patients with lung cancer: a multinational
study’. In: Annals of Oncology 25.9, pp. 1829-1835. DOI: 10.1093 /annonc/mdu234.
URL: https://doi.org/10.1093%2Fannonc%2Fmdu234.

Sobrero, Alberto F. et al. (Oct. 2020). ‘A new prognostic and predictive tool for shared
decision making in stage lll colon cancer’. In: European Journal of Cancer 138,
pp. 182-188. ISSN: 0959-8049. DOI: 10.1016/j.ejca.2020.07.031.

Spencer, Karen Lutfey and Matthew Grace (2016). ‘Social Foundations of Health Care
Inequality and Treatment Bias’. In: Annual Review of Sociology 42.Volume 42, 2016,
pp. 101-120. ISSN: 1545-2115. DOI: https://doi.org/10.1146 /annurev-soc-081715-
074226. URL: https://www.annualreviews.org/content /journals/10.1146 /annurev-soc-
081715-074226.

Spring, Jenna et al. (Sept. 2021). ‘Perspectives on Advance Care Planning for Patients
with Hematologic Malignancy: An International Clinician Questionnaire’. In: Annals
of the American Thoracic Society 18.9, pp. 1533-1539. ISSN: 2325-6621. DOI: 10.
1513 /annalsats.202006-6780c.

Srimaneekarn, Natchalee et al. (Feb. 2023). ‘Agreement test of P value versus Bayes
factor for sample means comparison: analysis of articles from the Angle Orthodon-
tist journal’. In: BMC Medical Research Methodology 23.1. ISSN: 1471-2288. DOI:
10.1186/s12874-023-01858-z.

Stan Development Team (2025). RStan: the R interface to Stan. R package version

2.32.7. URL: https://mc-stan.org/.


https://doi.org/10.32614/RJ-2021-053
https://doi.org/10.32614/RJ-2021-053
https://doi.org/10.2165/00019053-200725080-00003
https://doi.org/10.1038/s41746-023-00961-1
https://doi.org/10.1093/annonc/mdu234
https://doi.org/10.1093%2Fannonc%2Fmdu234
https://doi.org/10.1016/j.ejca.2020.07.031
https://doi.org/https://doi.org/10.1146/annurev-soc-081715-074226
https://doi.org/https://doi.org/10.1146/annurev-soc-081715-074226
https://www.annualreviews.org/content/journals/10.1146/annurev-soc-081715-074226
https://www.annualreviews.org/content/journals/10.1146/annurev-soc-081715-074226
https://doi.org/10.1513/annalsats.202006-678oc
https://doi.org/10.1513/annalsats.202006-678oc
https://doi.org/10.1186/s12874-023-01858-z
https://mc-stan.org/

BIBLIOGRAPHY 448

Staudinger, Thomas et al. (2000). ‘Outcome and prognostic factors in critically ill
cancer patients admitted to the intensive care unit’. In: Critical Care Medicine
28.5, pp. 1322-1328. DOI: 10.1097,/00003246-200005000-00011. URL: https://doi.org/
10.1097%2F00003246-200005000-00011.

Sterne, J. A C et al. (June 2009). ‘Multiple imputation for missing data in epidemi-
ological and clinical research: potential and pitfalls’. In: BMJ 338.jun29 1, b2393-
b2393. ISSN: 1468-5833. DOI: 10.1136/bmj.b2393.

Stovitz, Steven D and lan Shrier (Feb. 2019). ‘Causal inference for clinicians’. In: BMJ
Evidence-Based Medicine 24.3, pp. 109-112. ISSN: 2515-4478. DOI: 10.1136/bmjebm-
2018-111069.

Street, Andrew et al. (2021). ‘The use of linked routine data to optimise calculation
of the Hospital Frailty Risk Score on the basis of previous hospital admissions: a
retrospective observational cohort study’. In: The Lancet Healthy Longevity 2.3,
e154-e162. DOI: 10.1016/s2666-7568(21)00004-0.

Streiber, Anna Maria et al. (Oct. 2025). ‘Improving reproducibility of data analysis
and code in medical research: 5 recommendations to get started.’ In: BMJ open 15
(10), e104691. ISSN: 2044-6055. DOI: 10.1136 /bmjopen-2025-104691. epublish.

Swarbrick, Claire J. et al. (2025a). ‘Directed acyclic graphs to minimise bias and opti-
mise causal inference in SNAP-3: an observational cohort study of frailty, multimor-
bidity, and delirium in older surgical patients’. In: British Journal of Anaesthesia
135.1, pp. 177-187. ISSN: 0007-0912. DOI: 10.1016/j.bja.2025.04.027.

Swarbrick, Claire Jane et al. (Feb. 2025b). ‘Characteristics of older patients undergo-
ing surgery in the UK: SNAP-3, a snapshot observational study’. In: British Journal
of Anaesthesia 134.2, pp. 328-340. ISSN: 0007-0912. DOI: 10.1016/j.bja.2024.11.024.

Szakmany, Tamas et al. (Jan. 2019). ‘Risk Factors for 1-Year Mortality and Hospi-
tal Utilization Patterns in Critical Care Survivors: A Retrospective, Observational,
Population-Based Data Linkage Study*’. In: Critical Care Medicine 47.1, pp. 15-22.
ISSN: 0090-3493. DOI: 10.1097/ccm.0000000000003424.

Segaard, Mette and Morten Olsen (2012). ‘Quality of cancer registry data: complete-
ness of TNM staging and potential implications.’ In: Clinical epidemiology 4 Suppl

2 (Suppl 2), pp. 1-3. ISSN: 1179-1349. DOI: 10.2147/clep.s33873. ppublish.


https://doi.org/10.1097/00003246-200005000-00011
https://doi.org/10.1097%2F00003246-200005000-00011
https://doi.org/10.1097%2F00003246-200005000-00011
https://doi.org/10.1136/bmj.b2393
https://doi.org/10.1136/bmjebm-2018-111069
https://doi.org/10.1136/bmjebm-2018-111069
https://doi.org/10.1016/s2666-7568(21)00004-0
https://doi.org/10.1136/bmjopen-2025-104691
https://doi.org/10.1016/j.bja.2025.04.027
https://doi.org/10.1016/j.bja.2024.11.024
https://doi.org/10.1097/ccm.0000000000003424
https://doi.org/10.2147/clep.s33873

BIBLIOGRAPHY 449

Taccone, Fabio et al. (2009). ‘Characteristics and outcomes of cancer patients in
European ICUs’. In: Critical Care 13.1, R15. DOI: 10.1186/cc7713. URL: https://doi.
org/10.1186%2F cc7713.

Tang, Siew Tzuh et al. (2016). ‘Preferences for Life-Sustaining Treatments and Associ-
ations With Accurate Prognostic Awareness and Depressive Symptoms in Terminally
Il Cancer Patients’ Last Year of Life’. In: Journal of Pain and Symptom Management
51.1, 41-51.e1. DOI: 10.1016/j.jpainsymman.2015.08.006.

Taylor, Callum et al. (2025). ‘Understanding Bayesian analysis of clinical trials: an
overview for clinicians’. In: Critical Care Science 37. ISSN: 2965-2774. DOI: 10.
62675/2965-2774.20250267.

Tierens, Hans et al. (Sept. 2019). ‘Multiple-Membership Survival Analysis and Its Appli-
cations in Organizational Behavior and Management Research’. In: Organizational
Research Methods 24.2. This is the paper to justify using PAMM instead of cox in
bayes context. It talks about multiple-membership models (where someone can be
part of multiple levels) whereas mine is only single levels. But the underlying logic
is still the same., pp. 412-442. ISSN: 1552-7425. DOI: 10.1177/1094428119877452.

Turner, Megan C. et al. (Apr. 2018). ‘Delay in Adjuvant Chemotherapy and Survival Ad-
vantage in Stage lll Colon Cancer’. In: Journal of the American College of Surgeons
226.4, pp. 670-678. ISSN: 1072-7515. DOI: 10.1016/j.jamcollsurg.2017.12.048.

Vehtari, Aki et al. (June 2021). ‘Rank-Normalization, Folding, and Localization: An
Improved R” for Assessing Convergence of MCMC (with Discussion)’. In: Bayesian
Analysis 16.2. ISSN: 1936-0975. DOI: 10.1214/20-bal221.

Vincent, Francois et al. (2018). ‘In-hospital and day-120 survival of critically ill solid
cancer patients after discharge of the intensive care units: results of a retrospective
multicenter study—A Groupe de recherche respiratoire en réanimation en Onco-
Hématologie (Grrr-OH) study’. In: Ann. Intensive Care 8.1. DOI: 10.1186/s13613-
018-0386-6. URL: https://doi.org/10.1186%2Fs13613-018-0386-6.

Vodenkova, Sona et al. (Feb. 2020). ‘5-fluorouracil and other fluoropyrimidines in
colorectal cancer: Past, present and future’. In: Pharmacology amp; Therapeutics

206, p. 107447. ISSN: 0163-7258. DOI: 10.1016/j.pharmthera.2019.107447.


https://doi.org/10.1186/cc7713
https://doi.org/10.1186%2Fcc7713
https://doi.org/10.1186%2Fcc7713
https://doi.org/10.1016/j.jpainsymman.2015.08.006
https://doi.org/10.62675/2965-2774.20250267
https://doi.org/10.62675/2965-2774.20250267
https://doi.org/10.1177/1094428119877452
https://doi.org/10.1016/j.jamcollsurg.2017.12.048
https://doi.org/10.1214/20-ba1221
https://doi.org/10.1186/s13613-018-0386-6
https://doi.org/10.1186/s13613-018-0386-6
https://doi.org/10.1186%2Fs13613-018-0386-6
https://doi.org/10.1016/j.pharmthera.2019.107447

BIBLIOGRAPHY 450

Walko, Christine M. and Celeste Lindley (Jan. 2005). ‘Capecitabine: A review’. In:
Clinical Therapeutics 27.1, pp. 23-44. ISSN: 0149-2918. DOI: 10.1016/j.clinthera.
2005.01.005.

Walsh, Bronagh et al. (May 2023). ‘Frailty transitions and prevalence in an ageing
population: longitudinal analysis of primary care data from an open cohort of adults
aged 50 and over in England, 2006-2017’. In: Age and Ageing 52.5. ISSN: 1468-2834.
DOI: 10.1093/ageing/afad058.

Wang, Ping, Yan Li and Chandan K. Reddy (Feb. 2019). ‘Machine Learning for Survival
Analysis: A Survey’. In: ACM Computing Surveys 51.6, pp. 1-36. ISSN: 1557-7341.
DOI: 10.1145/3214306.

Wasserstein, Ronald L. and Nicole A. Lazar (Apr. 2016). ‘The ASA Statement on p-
Values: Context, Process, and Purpose’. In: The American Statistician70.2, pp. 129-
133. ISSN: 1537-2731. DOI: 10.1080/00031305.2016.1154108.

Weiser, Martin R. (2018). ‘AJCC 8th Edition: Colorectal Cancer’. In: Ann Surg Oncol
25.6, pp. 1454-1455. DOI: 10.1245/s10434-018-6462-1. URL: https://doi.org/10.
1245%2Fs10434-018-6462-1.

Wenrich, Marjorie D. et al. (2001). ‘Communicating With Dying Patients Within the
Spectrum of Medical Care From Terminal Diagnosis to Death’. In: Archives of Inter-
nal Medicine 161.6, p. 868. DOI: 10.1001/archinte.161.6.868.

Westreich, Daniel and Sander Greenland (Feb. 2013). ‘The table 2 fallacy: presenting
and interpreting confounder and modifier coefficients.” In: American journal of
epidemiology 177 (4), pp. 292-298. ISSN: 1476-6256. DOI: 10.1093 / aje / kws412.
ppublish.

White, S. et al. (Jan. 2019). ‘Guidelines for the peri-operative care of people with
dementia: Guidelines from the Association of Anaesthetists’. In: Anaesthesia 74.3,
pp. 357-372. ISSN: 1365-2044. DOI: 10.1111/anae.14530.

Wickham, Hadley (2023). R for Data Science. Ed. by Mine Cetinkaya Rundel and
Garrett Grolemund. 2nd ed. Description based on publisher supplied metadata
and other sources. Sebastopol: O’Reilly Media, Incorporated. 1579 pp. ISBN:
9781492097372.


https://doi.org/10.1016/j.clinthera.2005.01.005
https://doi.org/10.1016/j.clinthera.2005.01.005
https://doi.org/10.1093/ageing/afad058
https://doi.org/10.1145/3214306
https://doi.org/10.1080/00031305.2016.1154108
https://doi.org/10.1245/s10434-018-6462-1
https://doi.org/10.1245%2Fs10434-018-6462-1
https://doi.org/10.1245%2Fs10434-018-6462-1
https://doi.org/10.1001/archinte.161.6.868
https://doi.org/10.1093/aje/kws412
https://doi.org/10.1111/anae.14530

BIBLIOGRAPHY 451

Wickham, Hadley et al. (2019). ‘Welcome to the tidyverse’. In: Journal of Open Source
Software 4.43, p. 1686. DOI: 10.21105 /joss.01686.

Winner, Megan et al. (2016). ‘A Singular Hope: How the Discussion Around Cancer
Surgery Sometimes Fails’. In: Annals of Surgical Oncology 24.1, pp. 31-37. DOI:
10.1245/s10434-016-5564-x.

Winter, Rebecca et al. (2021). ‘What is meant by “frailty” in undergraduate med-
ical education? A national survey of UK medical schools’. In: European Geriatric
Medicine 12.2, pp. 355-362. DOI: 10.1007/s41999-021-00465-9.

Winter, Steven et al. (2023). Machine Learning and the Future of Bayesian Computa-
tion. DOI: 10.48550/ARXIV.2304.11251.

Wonders, Karen Y., Kathryn Schmitz and Jay Harness (Jan. 2023). ‘Dose Delays,
Dose Reductions, and Relative Total Dose Intensity in Patients With Advanced Can-
cer Who Exercised During Neoadjuvant Chemotherapy Treatment’. In: Integra-
tive Cancer Therapies 22, p. 153473542311683. ISSN: 1552-695X. DOI: 10.1177/
15347354231168368.

Wright, A. A. et al. (2014). ‘Associations between palliative chemotherapy and adult
cancer patients' end of life care and place of death: prospective cohort study’. In:
BMJ 348.mar04 4, g1219-g1219. DOI: 10.1136/bmj.g1219.

Yarnell, Christopher J et al. (Feb. 2021). ‘Clinical trials in critical care: can a Bayesian
approach enhance clinical and scientific decision making?’ In: The Lancet Respira-
tory Medicine 9.2, pp. 207-216. ISSN: 2213-2600. DOI: 10.1016/s2213-2600(20)30471-
9.

Yoshino, Takayuki et al. (Nov. 2019). ‘Efficacy and Long-term Peripheral Sensory Neu-
ropathy of 3 vs 6 Months of Oxaliplatin-Based Adjuvant Chemotherapy for Colon
Cancer: The ACHIEVE Phase 3 Randomized Clinical Trial’. In: JAMA Oncology 5.11,
p. 1574. ISSN: 2374-2437. DOI: 10.1001/jamaoncol.2019.2572.

Zampieri, Fernando G. et al. (Mar. 2021). ‘Using Bayesian Methods to Augment the
Interpretation of Critical Care Trials. An Overview of Theory and Example Reanal-
ysis of the Alveolar Recruitment for Acute Respiratory Distress Syndrome Trial’. In:
American Journal of Respiratory and Critical Care Medicine 203.5, pp. 543-552.
ISSN: 1535-4970. DOI: 10.1164/rccm.202006-2381cp.


https://doi.org/10.21105/joss.01686
https://doi.org/10.1245/s10434-016-5564-x
https://doi.org/10.1007/s41999-021-00465-9
https://doi.org/10.48550/ARXIV.2304.11251
https://doi.org/10.1177/15347354231168368
https://doi.org/10.1177/15347354231168368
https://doi.org/10.1136/bmj.g1219
https://doi.org/10.1016/s2213-2600(20)30471-9
https://doi.org/10.1016/s2213-2600(20)30471-9
https://doi.org/10.1001/jamaoncol.2019.2572
https://doi.org/10.1164/rccm.202006-2381cp

BIBLIOGRAPHY 452

Zee, Esther N. van der et al. (2021). ‘Assessment of mortality and performance status
in critically ill cancer patients: A retrospective cohort study’. In: PLoS ONEONE
16.6. Ed. by Ismaeel Yunusa, e0252771. DOI: 10.1371/journal.pone.0252771. URL:
https://doi.org/10.1371%2Fjournal.pone.0252771.

Zhu, Hao (2024). kableExtra: Construct Complex Table with ’kable’ and Pipe Syntax.
R package version 1.4.0. URL: https://CRAN.R-project.org/package=kableExtra.


https://doi.org/10.1371/journal.pone.0252771
https://doi.org/10.1371%2Fjournal.pone.0252771
https://CRAN.R-project.org/package=kableExtra

	TaylorThesis cover sheet (2)
	2026TaylorMDx
	Abstract
	Publications
	Publications
	Presentations

	Acknowledgements
	Declaration
	Abbreviations
	Introduction
	Introduction
	Colorectal Cancer
	Definitions
	Epidemiology
	Diagnosing colorectal cancer
	Staging colorectal cancer
	Management of Colorectal Cancer
	Auditing Quality of Colorectal Cancer Treatment: The Quality Performance Indicator Programme

	Intensive Care And Critical Illness
	Introduction To Critical Care
	Enhanced Monitoring and Interventions
	Advanced Organ Support
	Aims of critical care admission
	Outcomes Of Critical Illness; Post-Intensive Care Syndrome, Healthcare Use, and Survival

	Where Critical Illness and Colorectal Cancer Meet
	Admission To Critical Care
	Outcomes of critical care
	Unanswered Questions and Aims of Thesis


	Bayesian Statistics
	Introduction
	Step One - The Ground Work: Enough Theory For a Conversation
	Bayes in a Single Sentence
	Parameters
	Distributions
	Prior Probability Distributions and Shape of Distributions
	Likelihood
	Posterior
	Bayes' Theorem and Marginal Likelihood
	Summary

	Step Two - Bayesian Journal Club
	Results: Posterior Distribution
	Methods: Priors and Model
	Discussion: Comparison To Frequentist Papers

	Step Three - Thesis Workflow
	Descriptive Statistics, Identification of Differences - Null Hypothesis Significance Testing
	Modelling - Variable Selection
	Multivariable Model - Formula and Default Prior Specification
	Model Specification and Execution
	Model Results
	Sensitivity Analysis, Validity Checks, Model Accuracy
	Model Template
	Statistical Software

	Conclusion

	Methods
	Research Environment
	Data Sources - Work Undertaken By Dr Hanna and colleagues
	Data Linkage and Variable Definitions - Work Undertaken By Myself
	Cohort
	Subcohorts
	Patient Characteristics
	Cancer and Hospitalisation Characteristics
	Variables of Interest

	Dataset Construction for Analysis
	Conclusion

	Demographics
	Aims
	Results
	Patient Groups
	Hospital Survivors
	Hospital Admission
	Patient Characteristics
	Comorbidities
	Hospital Admission
	Colorectal Cancer

	Discussion
	Conclusion

	Quality Performance Indicators
	Introduction
	Methods
	Data Sources

	Results
	Demographics
	QPI Attainment
	QPI 11 - Adjuvant Chemotherapy

	Discussion
	Mechanisms
	Limitations

	Conclusion

	Systemic Anti-Cancer Therapy
	Introduction
	Benefits and Receipt of Adjuvant SACT
	Regime of SACT
	Factors Influencing Receipt
	Quality, Intensity and Toxicity of Adjuvant SACT
	Summary

	Methods
	Models

	Results
	Demographics of Patients Eligible for Curative Adjuvant SACT
	Receipt of Adjuvant Chemotherapy (SACT A)
	Delay to Receipt of Adjuvant Chemotherapy (SACT B)
	Regime Choice In Adjuvant Chemotherapy (SACT C)
	Dose Delay in Adjuvant Chemotherapy (SACT D)
	Duration of Adjuvant Chemotherapy in Weeks (SACT E)
	Summary of Results

	Discussion
	Critical Illness and Adjuvant SACT
	Strengths
	Limitations

	Conclusion

	Survival
	Introduction
	Survival from Colorectal Cancer
	Critical Illness Survival

	Method
	Data Sources
	Survival Analysis
	Model Predictions

	Results: Total Population
	Kaplan Meier
	Univariable Analysis
	Multivariable Analysis
	Sensitivity Analysis, Model Validation, and Posterior Predictive Check
	Multivariable Model Predicted Survival

	Results: Survival in Eligible Patients Treated with Adjuvant SACT
	Kaplan Meier
	Univariable Analysis
	Multivariable Analysis
	Sensitivity Analysis, Model Validation, and Posterior Predictive Check
	Multivariable Model Predicted Survival

	Discussion
	Limitations
	Clinical Implications

	Conclusion

	Critical Illness
	Introduction
	Critical Illness in Colorectal Cancer
	A Causal Approach

	Methods
	Estimand
	Unadjusted Analyses
	Regression Modelling
	Adjustment Set and Causal Framework
	Conditioning on Hospital Survival: Selection Bias
	Directed Acyclic Graph

	Results: Total Critical Care Cohort
	Demographics
	Days of Organ Support
	Reason for Admission
	Overall Survival - Short and Long Term

	Results: SACT-eligible Analytic Cohort
	Demographics
	Reason for Admission
	Long-Term Survival, Conditional on Hospital Discharge
	Cumulative Incidence of Adjuvant SACT

	Results: Receipt of Adjuvant SACT
	Sensitivity Analysis, Validity, Posterior Predictive Checks

	Results: Five-Year Survival
	Sensitivity Analysis

	Discussion
	Principal Findings and Comparison with Literature
	Strengths
	Limitations

	Conclusion

	Reflection and Conclusion
	Introduction
	Summary of findings
	Summary of relation to existing literature
	Challenges and Lessons
	Additional Limitations and Future Work

	Appendices
	Methods
	QPI
	SACT
	Demographics Tables
	One A
	One B
	Two A
	Two B
	Two C

	Survival
	Overall Survival Including Post Operative Mortality
	Total Cohort Multivariable Analysis
	SACT Cohort Multivariable Analysis

	Critical Illness
	Kaplan-Meier Survival Including In-Hospital Mortality
	Sensitivity Analysis
	Receipt of Adjuvant SACT: Model Validity and Posterior Predictive Check
	Five-Year Survival: Model Validity and Posterior Predictive Check


	Bibliography


