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Abstract 

There are over 200,000 intensive care unit (ICU) admissions in the UK each year, 

with sepsis being one of the most common admission diagnoses. Over two thirds 

of ICU survivors experience physical, cognitive or psychological impairments 

following discharge, often-termed post-intensive care syndrome (PICS). 

However, the mechanisms by which these impairments occur is unclear. 

Patients admitted to ICU with sepsis often experience acute cardiovascular 

dysfunction, e.g. myocardial infarction, dysrhythmia, or sepsis induced 

cardiomyopathy. These patients often have significant haemodynamic instability 

such that they require infusions of vasoactive medicines to support blood 

pressure and other physiological targets. It is now increasingly recognised that 

there are often long-term cardiovascular consequences of sepsis admission. 

Compared to population or hospitalised controls, the incidence of stroke, heart 

failure and myocardial infarction are increased following an admission with 

sepsis in a magnitude comparable to other traditional cardiovascular risk factors, 

such as hypertension or dyslipidaemia. Sepsis is also known to be associated with 

persistent activation of inflammatory pathways that are also implicated in the 

pathogenesis of heart failure and other chronic cardiovascular conditions. 

Thus, there are plausible mechanisms by which admission with sepsis may result 

in an increased risk of cardiovascular disease. There is also significant overlap 

between symptoms commonly experienced in patients with PICS (e.g. 

breathlessness and fatigue) and those experienced by patients with heart 

failure. The work in this thesis aims to characterise the cardiovascular function 

in ICU survivors of sepsis and explore whether cardiovascular dysfunction may be 

associated with the functional impairments seen in PICS. 

Chapter 1 presents an overview of key concepts in critical illness, PICS, sepsis 

and heart failure. It outlines definitions of critical illness, the long-term 

consequences of ICU admission and the manifestations of PICS. It highlights key 

concepts in sepsis and the associations with chronic inflammation during 

convalescence. Finally, the chapter discusses cardiovascular dysfunction during 

sepsis and how it may be implicated in the pathogenesis of long term 

cardiovascular disease. 
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Chapter 2 presents a scoping review of the literature surrounding cardiovascular 

dysfunction in survivors of sepsis. It demonstrates that whilst there is an 

increasing body of literature that recognises the risk of adverse cardiovascular 

events associated with sepsis admission, there is a paucity of data that seeks to 

address the underlying mechanisms by which this phenomenon occurs. 

Chapter 3 presents the methodology used in a multi-site observational cohort 

study utilising cardiovascular magnetic resonance (CMR) imaging, biomarker 

analysis and patient reported outcome measures (PROMs) to characterise the 

cardiovascular function in a cohort of ICU survivors of sepsis from Scottish ICUs. 

Chapter 4 describes the overall demographics of 50 patients recruited to the ICU 

follow-up study after sepsis admission. Of these patients, 34 were successfully 

followed up with CMR imaging, biomarker analysis and PROMs. 

Chapter 5 describes the CMR findings in the study cohort, 6-10 weeks following 

hospital discharge. Left ventricular systolic dysfunction (LVSD) was present in 

7/34 (20.6%) of the study population and was associated with acute LV 

dysfunction during ICU admission (OR 7.67 (95%CI 1.26, 54.5) p=0.030). The LVSD 

was global in nature, with no evidence of late gadolinium enhancement and scar 

in any participants. LVSD was also associated with N terminal pro-B-type 

natriuretic peptide (NT-proBNP) and high sensitivity troponin (hs-TnT) at 6-10 

weeks post hospital discharge. The cohort as a whole had elevated median 

values of native T1 and ECV, indicating fibrosis and expansion of the extra-

cellular volume.  

Chapter 6 describes cardiovascular, renal and inflammatory biomarkers in ICU 

survivors of sepsis at recruitment (at the time of ICU discharge) and at follow-up 

(6-10 weeks post hospital discharge). It demonstrates elevated levels of the 

cardiovascular biomarker NT-proBNP (median 1,446pg/mL) at discharge from 

ICU. Median values were significantly different at follow-up in participants who 

had LVSD (208 vs 74pg/mL, p=0.024) and were at levels that (dependent on 

symptom burden and imaging findings) would be supportive of a diagnosis of 

heart failure. Participants with LVSD also had values of inflammatory biomarkers 

elevated above their normal reference range, many of which have been 

highlighted of pathological significance in heart failure. 
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Chapter 7 describes patient reported outcome measures of exercise capacity and 

health related quality of life (HRQoL) in the study population. Median Duke 

activity status index (DASI) score was 21, indicating reduced exercise capacity. 

As measured by EuroQol 5-level 5-dimension (EQ-5D-5L), there were widespread 

levels of impairment across multiple domains. Whilst not statistically significant, 

participants with LVSD had reduced exercise capacity, increased measures of 

dyspnoea and reduced HRQoL measures in comparison to those without LVSD. 

Clinical frailty score prior to ICU admission was significantly associated with 

reduced log DASI score (β=-0.30 (95%CI -0.48, -0.12) p=0.002) and EQ-5D-5L 

visual analogue scale (β=-6.24 (95%CI -12.3, -0.18), p=0.044) in the study 

population, underpinning its importance in determining overall functional 

trajectory upon recovery. 

These findings indicate that follow-up with CMR imaging, biomarkers and PROMs 

was feasible and well tolerated in this population, with attrition rates in keeping 

with other long-term outcome literature. LVSD was prevalent and associated 

with abnormal biomarkers of cardiovascular dysfunction and injury. Measures of 

exercise capacity and HRQoL were reduced, but not to a degree which was 

statistically significant. The findings are supportive of the hypothesis that 

chronic cardiovascular dysfunction is prevalent following ICU admission with 

sepsis, and may be associated with both the acute cardiovascular dysfunction 

seen during index illness and ongoing inflammation during convalescence. 

Furthermore, these data suggest there may be a cohort of patients at increased 

risk of cardiovascular disease following ICU who could benefit from established 

therapy to modify recovery trajectory and reduce morbidity following admission. 
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Chapter 1 Introduction 

The Intensive Care Unit (ICU) is the designated area within a hospital dedicated 

to managing the sickest patients. These patients are often admitted on account 

of conditions which pose an immediate threat to life, have potential for 

reversibility and require support of vital organs such as the lungs, heart or 

kidneys without which they may not survive.1 The care required is often complex 

and resource intensive, requiring input by dedicated multi-disciplinary teams 

including medical, nursing, pharmacy and other allied professionals whose main 

focus is managing these serious conditions in specialised units. 

Whilst often lifesaving, ICU treatment and its consequences can be burdensome 

for patients. Over two thirds of ICU survivors will have physical, psychological, 

or cognitive impairments often collectively termed post-intensive care syndrome 

(PICS).2 3 These impairments are associated with a significant impact on quality 

of life. Approximately half of ICU survivors are unable to return to work 

following admission and often experience a decline in functional trajectory and 

ability to undertake activities of daily living.4-6 Furthermore, ICU survivors have 

increased risk of adverse outcomes such as re-hospitalisation following admission 

or cardiovascular events such as myocardial infarction or heart failure.7-9 

The study discussed in the following chapters pertains to the long-term 

cardiovascular consequences of an ICU admission with sepsis, the most common 

presenting condition to ICU. As such, it is important to understand the nature of 

the care provided in the ICU, the diagnosis and pathophysiology of sepsis and its 

impact on the cardiovascular system and finally, the diagnosis of chronic heart 

failure and how these methods could be applied in ICU survivors of sepsis.  

The following section will consider the origin and configuration of the modern 

ICU, the treatments that might potentially be offered to patients, the nature of 

‘critical illness’ and the long-term impact of critical illness and associated 

treatments.   
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1.1 The Intensive care unit and critical illness 

1.1.1 A brief history of intensive care units 

The configuration of the modern ICU is commonly regarded as originating in the 

mid-20th century, although the concept of centrally locating sick patients was 

documented as early as the Crimean War, where in the 1850s Florence 

Nightingale ensured that the sickest patients were closest to ward nursing 

stations to ensure adequate monitoring. 

Nearly a century later, in 1952, a devastating polio epidemic in Copenhagen led 

to the admission of hundreds of patients with respiratory and bulbar failure, all 

of whom required invasive mechanical ventilation within a short space of time. 

This far outstripped the capacity of the health services at the time and required 

an innovative approach, leading Dr Henry Lassen1 and colleagues to develop the 

first documented example of modern critical care using invasive mechanical 

ventilation via tracheostomy for multiple patients at once, facilitated by a high 

ratio of trained medical and nursing staff.10  The approach saved hundreds of 

lives and served as the foundation for modern ICUs as we know them today.  

This approach of providing targeted organ support gained traction. Over the 

latter half of the 20th century, the subsequent dogma in intensive care was an 

organ-level physiological approach towards critical illness, that focused on 

maintaining homeostasis of organ systems (e.g. respiratory, cardiovascular or 

renal) augmented by provision of supportive therapies such as mechanical 

ventilation, infusions of vasoactive medications to support the cardiovascular 

system, or dialysis. Furthermore, the creation of units with dedicated care staff 

responsible for overall care of the patient became more commonplace and 

evidence of improved outcomes soon followed.11 

Whilst this broad approach became ubiquitous, differences in configuration of 

ICUs have emerged over the last century. There are few recent data comparing 

the configuration of ICUs and provision worldwide. However, a 2010 review 

 
1 Prof Henry Lassen, MD. Professor of communicable disease and chief physician, Blegdams 

Hospital, Copenhagen. 
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highlighted differences in international provision, with countries like Belgium, 

Germany and the United States of America estimated to have 21.9, 24.6 and 

20.0 ICU beds per 100,000 population.12 In comparison, the United Kingdom was 

estimated to have 3.5 beds per 100,000 population, although this number may 

be as high as 7.3 in recent years.13  This apparent disparity in resource, even 

between countries with comparative GDP, gives rise to intrinsic differences in 

how care is provided within different healthcare systems despite similarities in 

patient presentation. As such, it is important to consider the configuration of 

ICU in the United Kingdom and the nature of care received whilst admitted in 

order to understand the patient population in the study that follows. 

1.1.2 Intensive care in the United Kingdom 

The Department of Health and Social Care released their comprehensive review 

of critical care in 2000, outlining standards for critical care and recommending 

the classification of patients by individual needs regardless of location in the 

hospital. They classified patients into four levels depending on the level of 

support required, ranging from those who can be looked after on a standard 

hospital ward through to those requiring support of multiple organs requiring 

constant monitoring (Table 1-1).14 

These ‘levels’ of care have been echoed and expanded upon in more recent 

guidelines for the provision of intensive care, but ultimately remain similar.15 

In the UK, patients requiring level 3 care and often patients with level 2 care 

requirements are the responsibility of the ICU team. Patients requiring level 1 or 

some patients with level 2 will often be managed within a ‘High Dependency 

Unit’ (HDU) setting. This is exemplified in national audit data. For example, in a 

relatively recent national audit of critical care units in Scotland, 46% of ICU 

patients during 2022 underwent invasive mechanical ventilation, an example of 

level 3 care, and over 52% required cardiovascular support during their ICU stay. 

It indicates the complexity and acuity in this patient cohort, and the need for 

specialist ‘intensivists’ to facilitate their care. In comparison, only 11% of 

patients admitted to HDUs required any form of organ support.16 
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Table 1-1 Levels of care as outlined by Dept of Health in ‘Comprehensive Critical Care’ 

Level of care Description 

0 Patients whose needs can be met through normal ward care in an 

acute hospital 

1 Patients at risk of their condition deteriorating, or those recently 

relocated from higher levels of care, whose needs can be met on 

an acute ward with additional advice and support from the critical 

care team. 

2 Patients requiring more detailed observation or intervention 

including support for a single failing organ system or post-operative 

care and those ‘stepping down’ from higher levels of care 

3 Patients requiring advanced respiratory support alone or basic 

respiratory support together with support of at least two organ 

systems. This level includes all complex patients requiring support 

for multi-organ failure. 

 

As perhaps might be expected, staffing levels and ratios are higher in an 

intensive care setting due to the complexity and the burden of care. Consultant 

physicians are expected to care for patients between ratios of 1:8 - 1:12. 

Similarly, nursing ratios are much higher than that expected in a ward. Level 3 

patients should expect to be looked after by nurses on a 1:1 basis as a minimum 

standard and Level 2 patients looked after by a nurse on a minimum of a 1:2 

patient ratio.15 This further demonstrates the complexity of patients requiring 

ICU care and reflects the increased workload in looking after these patients 

safely. For example, a nurse looking after a ‘Level 3’ patient during a 12.5-hour 

day might be expected, with support of medical staff, to escalate or wean 

invasive ventilatory support via an endotracheal tube, titrate vasoactive drugs 

according to prespecified haemodynamic targets and manage a dialysis circuit 

ensuring it doesn’t clot or remove too much fluid. Furthermore, this occurs often 

simultaneously with day-to-day care such as washing, toileting and skin care all 

the while ensuring the patient is comfortable and not distressed. Whist 
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rewarding, it is laborious, burdensome and requires meticulous attention to 

detail, through routine collection of hourly observations of physiological data.15  

This illustrates the complexity of care required to manage critical illness and 

gives insight into the burden.  

1.2 Critical Illness 

1.2.1 Defining critical illness 

Similar to intensive care, critical illness is defined by conditions that are 

associated with a high risk of imminent death, vital organ dysfunction, are 

potentially reversible and require intensive care support to avoid death (Figure 

1-1).1  

 

Figure 1-1 Defining Attributes of Critical Illness  

Adapted from Kazidule et al (2022)1 Reproduced with permission from  BMJ group. 
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As outlined above, the conceptual birth of critical illness coincided with the 

inception of ICUs and the realisation that provision of organ specific means of 

physiological support (e.g. mechanical ventilation) could facilitate the 

treatment of life-threatening conditions.17 18 Critical illness was defined by 

organ-level pathophysiology and therapies were focused on provision of support 

and homeostasis for specific organ ‘failures’ (e.g. respiratory failure or 

cardiovascular failure).18 

Across the last quarter of the 20th century, further translational research led to a 

greater understanding of the pathophysiology of the host response to common 

conditions causing critical illness. Definitions, criteria and scoring systems were 

developed to grade the severity of illness, such as Acute physiology and chronic 

health evaluation (APACHE) scoring for illness severity.19  Common presentations 

such as sepsis, acute respiratory distress syndrome (ARDS), or acute kidney 

injury (AKI) were defined using specific criteria (e.g. Systemic Inflammatory 

Response Syndrome (SIRS), Berlin criteria for ARDS and RIFLE2 for AKI).20-22 Such 

criteria laid the foundations for seminal trials and research that has led to 

improvements for critically ill patients across the world.21 23 For example, the 

‘ARDSnet’ group demonstrated mortality benefits using lower tidal volume 

strategies in mechanical ventilation of ARDS patients and the ‘Surviving Sepsis’ 

campaign led to improved outcomes for sepsis patients by focusing on early 

administration of antibiotics and ensuring that specific bundles of care were 

defined and implemented.24 25 

As we move into the 21st century, the field is increasingly recognising the 

limitations of these definitions. Common conditions such as sepsis, ARDS and AKI 

are heterogenous in nature, and not necessarily united by distinct 

pathophysiological mechanisms or biochemical, pathologic or serological 

criteria. Rather, they are a collection of clinical syndromes, with individual 

patients potentially having dramatic differences in their clinical course despite 

similar precipitating insults or receipt of similar treatments.18 As such, the 

critical care field is now recognising this heterogeneity, with the acceptance 

 
2 RIFLE criteria refers to the widely accepted classification of acute kidney injury stratifying patients 

into those at Risk, Injury, Failure, Loss and those with End-stage kidney disease.20 
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that evolving fields such as “omics”3 disciplines may give novel insights into 

subtypes of common conditions, where patients may share a disposition to a 

dysregulated response and/or biological ‘traits’ that may predict responses to 

specific therapies.27 This approach recognises whilst there may be discrete 

differences in initial acute insult (e.g. trauma / pancreatitis / major 

haemorrhage), the resulting host response to these insults may bear similarities 

in pathophysiology and potential response to treatment (Figure 1-2)18 

In summary, critical illness (in high-resource settings) is defined broadly by its 

life-threatening nature, potential for reversibility and the requirement for 

intensive care to prevent the risk of death. Despite significant advances in 

understanding clinical syndromes that often result in critical illness, there 

remains significant heterogeneity in the patient population, pathophysiology and 

response to treatment. Whilst this is clearly of significance to understanding the 

acute illness dealt with in the day-to-day practice of intensive care medicine, it 

is also important to consider the implications for understanding recovery from 

critical illness. 

1.2.2 The course and trajectory of critical illness  

Critical illness syndromes mark a significant turning point in an individual’s 

quality of life and risk of mortality. For example, the mortality rate associated 

with sepsis for patients admitted to European, North American and Australian 

ICUs is estimated at approximately 34%.28  

Critical illness is common.  At the time of writing, the most recent data 

available from the Intensive Care National Audit & Research Centre report 

approximately 130,000 ICU admissions per year in England and Wales between 

2019-2021.29 Of patients admitted to general ICUs, 29.7%, 37.9% and 40% were 

admitted with sepsis in 2019/2020/2021 respectively. The crude hospital 

mortality rate for these admissions ranged between 26.6% and 32.7%.29  

 
3 “Omics” refers to the collective technologies used to characterise and quantify pools of biological 

molecules and to explore their roles, relationships and actions in the cells of a living creature. 
The ‘omics’ suffix has been added to describe the use of these technologies to examine 
proteins (proteomics), metabolites (metabolomics) and RNA molecules (transcriptomics).26 
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Figure 1-2 Conceptual model of critical illness based on biological features learned from 
translational research  

Individual insults and biological abnormalities are combined in a circular model that 
recognises that similar abnormalities (represented by interconnecting bands) can arise from 
multiple discrete insults. For example, similar pathways of inflammation-mediated critical 
illness may result from either infection or trauma despite differing initial insult. From 
Maslove et al (2022).18 Reproduced with permission from Springer Nature. 

In Scotland, a country approximately a 10th in population size, there were 16,616 

admissions to intensive care and combined HDU/ITU in 2022 with a reported 

crude mortality rate of 12.3%. Over 50% of patients required some form of organ 

support.16 The mean length of an admission to intensive care was approximately 

5 days; a significant period of time given the associated burden of intervention 

required throughout. This is not without impact on patient quality of life.30 31 

Older patients in particular may be predisposed to functional decline following 

admission, with over 50% of persons over 65 left with disability up to at least 

year following ICU admission.6 Other factors associated with persistent 

impairments include educational attainment and family support.32   

Whilst severity of illness can help to determine clinical course and trajectory, in 

some circumstances prior comorbidity aids in prediction of outcomes. For 

example, the term ‘persistent critical illness’ has been used to define the point 
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where prior age and comorbidity is better at discriminating mortality risk than 

reason for admission to ICU.  This has been demonstrated in UK settings to occur 

as early as 5 days and is associated with increased healthcare utilisation and 

adverse outcomes.33 34 Given the degree of acute insult required to necessitate a 

lengthy ICU stay, it might be considered surprising that this insult might bear 

less prognostic significance than prior comorbidity at such an early stage. It 

emphasises the complexity of the clinical course of critical illness and its 

dependence on factors beyond clinical syndromes and diagnoses themselves. 

1.2.3 Long-term consequences of critical Illness 

Surviving critical illness is associated with an increased risk of mortality. For 

example, in a Scottish study undertaken in the last decade, the 5-year mortality 

associated with critical care admission is 32.3% compared to 22.7% in matched 

hospital control subjects.35  In addition to this increased risk, it is now 

recognised that greater than 60% of survivors suffer from long lasting 

impairments following critical illness. Commonly identified impairments 

encompass three broad domains: physical, cognitive, and psychological. 

Collectively, these problems been termed Post Intensive Care Syndrome (PICS).36 

(Figure 1-3)  

 

Figure 1-3 Common impairments in survivors of critical illness. A conceptual depiction of 
the Post-intensive care syndrome (PICS) 
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PICS can have considerable impact on patients, even 12 months following ICU 

discharge, the majority of patients will still have persisting symptoms, with a 

substantial proportion (approximately 20%) having problems in multiple 

domains.2  Furthermore, ICU survivorship is associated with increased use of 

healthcare resources, with up to 30% of ICU survivors readmitted to hospital 

within 90 days of hospital discharge. Compared to hospitalised controls, ICU 

survivors also have increased rates of hospital readmission, longer length of stay 

and a higher costs associated with re-admission. Following ICU discharge, only 

50% of patients return to meaningful employment within one year.4 7 35 37 

Despite this stark association between critical illness and adverse outcomes, the 

mechanisms by which impairments are mediated are less clear. For example, 

survivors of ARDS have been shown to have a measurable deterioration in lung 

function for some time after critical illness and patients with prolonged critical 

illness often have muscle weakness which persists for some time following 

discharge.30 38 

Traditional definitions of PICS are increasingly recognised as limited, and the 

consequences of intensive care may manifest across a broad spectrum of clinical 

phenotypes, including problems beyond recognised domains (such as swallowing 

difficulties or metabolic sequelae).39 40  Furthermore, critical illness survivors are 

a heterogenous group by nature and long-term outcomes are likely to be a result 

of complex interactions between patient factors, illness characteristics and 

factors related to specific treatments (Figure 1-4).41  Indeed, the heterogeneity 

is perhaps exemplified in the literature itself. In trials that focus on long-term 

outcomes following specific critical illness syndromes (e.g. post-critical care, 

post-sepsis, post-covid-19, post-ARDS), similar PICS features are identified 

during recovery despite these data examining distinct cohorts from a 

pathological perspective.2 30 36 42 
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Figure 1-4 Conceptual model of potential network of factors and interactions to determine a 
patient's clinical course and long-term outcome after sepsis  

There a multiple factors that determine prior risk of sepsis, factors related to hospitalization, 
sequelae of treatment and on recovery which determine and can alter patient trajectory. 
From Prescott & Angus (2022).41 Reproduced with permission from JAMA. 

Thus, in examining the long-term consequences of critical illness, it is worth 

considering which specific impairments occur commonly and why they might 

occur. 

1.2.4 Physical impairments following critical illness 

A significant proportion of patients experience physical problems following 

intensive care admission. Commonly documented problems include impairments 

in pulmonary function, muscle function or neuropathy, reduced exercise 

capacity and difficulty in resuming activities of daily living.40 
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1.2.4.1 Impaired respiratory function 

There have been several studies examining long-term outcomes and the 

association with objective measures of lung function (e.g. pulmonary function 

tests) in survivors of ARDS or ‘Acute Lung Injury’4 (ALI).30 31 43 44 Seminal work by 

Herridge et al demonstrated that despite long term reductions in global 

measures of functional capacity such as the 6-minute walk test (6-MWT), there 

were no corresponding reductions in objective lung function at both 1 and 5 

years. In fact, survivors demonstrated parameters of lung function within 80% of 

that predicted in a normal population, with the exception of a mild reduction in 

carbon monoxide diffusion capacity in the early stages of convalescence that 

subsequently resolved with time.30 31 Furthermore, studies that have assessed 

diaphragmatic muscle strength following ALI have demonstrated that although 

there is a trend towards measurable weakness, this is not a statistically 

significant, and often resolves over time.45 46  

When comparing different ventilatory strategies during critical illness by 

examining long-term lung function, the literature has also shown similar results. 

In ICU survivors recovering from ALI or ARDS, there is an absence of a significant 

reduction in measured pulmonary function, despite often reduced measures 

global functional capacity, e.g. the 6 minute walk test (6-MWT).47 48 Thus, 

despite the acute and profound respiratory dysfunction that define clinical 

syndromes such as ARDS, objective measures of lung function in the 

convalescent period do not support the hypothesis that long term respiratory 

dysfunction is a sole driver of physical impairments seen in PICS.49 

1.2.4.2 Impaired skeletal muscle function 

During the initial stages of critical illness, there is significant loss of skeletal 

muscle mass. In a systematic review and meta-analysis of observational studies 

examining muscle wasting during critical illness, it was estimated that 

participants lost on average -1.75% (95% CI -2.05, -1.45) of thickness and -2.1% 

(95% CI -3.17, -1.02) of the cross sectional area of the rectus femoris muscle per 

 
4 Acute Lung Injury has since been superseded by ‘mild’ ARDS using the latest Berlin criteria for 

ARDS22 
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day.50 Quadriceps thickness decreased by -1.82% (95% CI -2.60, -1.80) and biceps 

brachii by -1.64% (95% CI -3.09, 0.19).50 Nearly half of the patients in the meta-

analysis had so-called ICU-acquired weakness (ICUAW).  

ICUAW is a term that encompasses myopathies, polyneuropathies or 

combinations thereof that occur as a secondary consequence of critical illness 

and can lead to both acute and long-term consequences.51 Quantitatively 

measured reductions in muscle strength have been documented in numerous 

studies, and are often correlated with the widely documented reductions in 

more general measures of function such as 6-MWT or SF-36 scores.45 52 

Often, these impairments in muscle function are correlated with reductions in 

muscle strength. Poulsen et al assessed ICU survivors one-year following 

discharge and found significant reductions in maximal quadriceps extension 

(51%), quadriceps flexion (14%) and handgrip strength (11%) compared to healthy 

matched controls.52 When correcting for the associated reduction in muscle 

mass, any statistically significant difference was negated.  The findings 

suggested the loss in muscle mass may play a causative role in reduced strength 

in ICU survivors. 

Another landmark study of ICUAW published around the same time demonstrated 

that a significant proportion (36%) of patients with acute lung injury are 

discharged from ICU with ICUAW, although this gradually resolved such that it 

was only present in 9% of patients after 2 years.  

1.2.4.3 Limitations in overall physical function 

In terms of functional limitations, there have been well documented reductions 

in overall exercise tolerance following ICU admission using measures such as the 

6-MWT during convalesence.44 52-54 The 6-MWT is a global measure of exercise 

capacity and physical function in which participants are asked to walk back and 

forward between two cones 30m apart and distance measured and compared 

with population norms.55 In a study of 224 participants who were survivors of 

acute lung injury (of which 154 were followed up until two years beyond 

discharge), 6-MWT was 60% years beyond discharge from hospital.45 This too has 

been demonstrated in other similar studies, with significant reductions in 
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predicted values persisting at least 5 years following discharge.30 56 There are 

also correlations with other PROMs assessing overall physical functioning such as 

Short Form-36 (SF-36).45 

1.2.5 Cognitive impairment following critical illness 

Iwashyna et al examined US adults over the age of 50 and demonstrated an 

increased prevalence of moderate to severe cognitive impairment by 11% 

following an episode of severe sepsis in comparison to persons with non-sepsis 

hospitalisations.5 The prevalence of cognitive issues following ICU admission has 

subsequently been observed in multiple survivor populations; in both ‘all-comer’ 

cohorts and discrete critical illness syndromes such as ARDS or post-cardiac 

arrest.2 57-60 

The prevalence of cognitive impairment in these studies is often very high. 

Perhaps the most notable of studies examining this phenomenon was undertaken 

by Pandharipande et al who followed up adult patients with respiratory failure 

or shock for 12 months. The group demonstrated that at 4-months post-ICU stay, 

40% of survivors had global cognition scores 1.5 standard deviations below the 

population mean, comparable to those with traumatic brain injury. 24% of 

survivors had cognition scores with paralleled values seen in patients with 

Alzheimer’s dementia.57 These changes were independently associated with a 

longer duration of delirium.57 Strengths of this particular study included the long 

duration of follow-up, the careful consideration of key confounders such as 

delirium and sedative medications and the use of cognitive assessments that can 

be directly comparable to other patient cohorts. 

A similar prevalence has been demonstrated in other prospective cohort studies. 

Collet et al published data from a cohort study embedded within AID-ICU - an 

international multi-centre trial of haloperidol in ICU patients with delirium - and 

demonstrated a 52% prevalence of cognitive impairment in participants from 

their Danish centres a 6 months.60 61  

The mechanisms by which cognitive impairment might occur following critical 

illness are also unclear. It would seem that the association with delirium is 

important and it has been postulated that systemic inflammation may stimulate 
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microglial activation in the central nervous system that results in neuronal injury 

and reduces the threshold for delirium.62 This model of innate inflammation 

driving long term impairment and a propensity to chronic disease bears 

similarities with some of the mechanisms that may underpin physical 

impairments and offers a mechanistic pathway for future exploration. 

1.2.6 Psychological outcomes following critical illness 

Whilst psychological outcomes are not the focus of this thesis, it is important to 

consider the profound psychological impact that ICU admission has on survivors. 

The largest study to date conducted by Hatch et al in 2018 analysed survey 

responses from 4943 survivors of who received level 3 care during three phases: 

Nov 2006 – May 2008; May 2008 – Oct 2010; and May 2012 and May 2013. Over 

half of patients reported symptoms of anxiety, depression or post-traumatic 

stress and 65% of those with one disorder had another present. Depression was 

associated with a 50% increase in mortality compared to those without when 

adjusted for confounders. 

This magnitude was greater than demonstrated in other studies, but nonetheless 

is consistent with an increased risk of mortality associated with depression in 

more general cohorts.63  

Thus, ICU admission is associated with a wide range of impairments across 

multiple domains. The mechanisms which underlie these impairments is often 

unclear. Despite often having distinct critical illness syndromes, patients are 

often left with similar impairments following ICU discharge.2 Recovery from 

sepsis is no exception.5 The following section will consider the pathophysiology 

of sepsis and its long-term consequences and implications for survivorship. 

1.3 Sepsis 

Sepsis is one of the most common reasons for ICU admission, and accounts for 

approximately one third of ICU admissions in the UK.64  Like many other critical 

illness syndromes, it is heterogenous in nature and its defining features have 

been subject to revision over recent decades. 
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1.3.1 Definitions of sepsis 

Contemporary definitions of sepsis have evolved over time, with a recognition 

that it has oftentimes been difficult to define what differentiates sepsis from 

uncomplicated infection, or indeed a significant non-infective inflammatory 

response.65 There is also an acknowledgement in the literature that there is no 

unifying diagnostic test to confirm sepsis. As such, other objective features of 

organ dysfunction or elements of the host response are required to be 

identified.65 

To address some of these issues, a joint task force was convened in 2016 by the 

European Society of Critical Care Medicine (ESICM) and the Society of Critical 

Care Medicine (SCCM) in the US to publish the ‘Third International Consensus 

Definitions for Sepsis and Septic Shock’, otherwise known as ‘Sepsis-3’. The task-

force defines sepsis as ‘life-threatening organ dysfunction caused by 

dysregulated response to infection’. 65 This was in part due to a recognition that 

the systemic inflammatory response syndrome or (SIRS) - a key component of 

previous definitions - may occur in other critical illness syndromes in the 

absence of infection, is oversensitive and non-specific. In addition, previous 

definitions offered a lack of means by which to reliably stage severity of sepsis 

and did not take into account adequate understanding of the pathobiology of 

sepsis.66 

Organ dysfunction is defined as a change in ‘sepsis-related organ failure 

assessment (SOFA)’ score of greater than or equal to 2 points.  The SOFA score 

was developed in the 1990s as a means of identifying new organ dysfunction and 

the focus on a change in SOFA score allows recognition of chronic organ 

dysfunction at baseline.67 Integral to its inclusion in the Sepsis-3 definition was a 

large validation study utilising SOFA score to identify those at risk of in-hospital 

mortality. In a large retrospective database comprising 148,907 health records 

with confirmed infection from 12 hospitals in southwestern Pennsylvania, the 

SOFA score had an area under the receiver operating characteristic curve 

(AUROC) = 0.74 (95% CI 0.73, 0.76) for predicting in-hospital mortality vs 0.64 

(95%CI 0.62, 0.66) and 0.66 (95%CI 0.64, 0.68) for SIRS and qSOFA respectively. 

Consequently it became central to the current definition of sepsis.68 
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There are many issues regarding sepsis definitions that remain challenging even 

with  current understanding of the pathobiology. The group responsible for 

Sepsis 3 recognise that sepsis is a syndrome shaped by a complex interaction 

between host (e.g. sex, age or comorbidity) and pathogen-related factors that 

evolve over time, resulting in a dysregulated response to infection that leads to 

life-threatening organ dysfunction. Clinical and biological phenotypes might be 

modified by pre-existing acute illness, long-standing comorbidity or ongoing 

treatments.65  

A further challenge is defining septic shock. Previously, patients with sepsis 

deemed to have ‘septic shock’  were identified as being in a state of acute 

circulatory failure and inability to maintain an adequate systolic (≥90 mmHg) or 

mean arterial blood pressure (≥60mmHg), despite adequate volume 

resuscitation.66  However, there has been much variation in the literature in how 

these criteria have been applied and interpreted over the years, leading to a 

wide-ranging set of reported incidence and outcomes. As such, the 2016 Sepsis- 

3 joint task force conducted a systematic review and meta-analysis, which 

subsequently informed a Delphi process to move forward and clarify septic shock 

definitions.69 The task force recognised that septic shock represents a sub-group 

of patients in which circulatory, cellular and metabolic abnormalities were 

associated with a greater mortality and as such identified hypotension, the 

requirement of vasopressors and abnormal lactate levels as central to the 

definition. Patients who met all these criteria were recognised to have a greater 

risk of mortality in comparison to patients who met only some and were 

recognized to represent a cohort with increased risk of mortality. A lactate of 

2mmol/L was identified as the lowest serum lactate level independently 

associated with an increased risk of in-hospital mortality.69 As such, septic shock 

was deemed by the international task force to define adults with sepsis who 

have hypotension requiring use of vasopressors to maintain a mean arterial 

blood pressure ≥65mmHg, and have a lactate >2mmol/L persisting after fluid 

resuscitation.65 70 
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Table 1-2 Sepsis-3 definitions as outlined by the 2016 joint ESICM and SCCM task force 

Term Definition65 

Sepsis Life-threatening organ dysfunction caused by dysregulated 

response to infection 

Septic Shock Adults with sepsis who have hypotension requiring use of 

vasopressors to maintain a mean arterial blood pressure 

≥65mmHg, and have a lactate >2mmol/L persisting after 

fluid resuscitation 

 

1.3.2 Pathophysiology of sepsis 

This dysregulated host response to infection is in sharp contrast to a typical 

response to contained and localised infection. There is massive upregulation in 

pro-inflammatory and anti-inflammatory mediators, a process of which begins 

even before a pathogen has induced tissue damage.71 72 The pathophysiology of 

sepsis is thought to be a consequence of alterations in normal immune 

homeostatic mechanisms, in particular, alterations in immune driven 

hyperinflammation and concurrent relative immunosuppression that lead to the 

manifestations of critical illness often seen in intensive care.71 73 

In initial phases of infection, bacteria, viruses and fungi express molecular 

signals known as pathogen associated molecular patterns (PAMPs), inducing early 

response signalling from our innate immune system. In addition, local tissue 

damage may herald production of endogenously produced damage-associated 

molecular patterns (DAMPs). These molecular signals induce their response by 

stimulation of toll-like receptors (TLRs) on the surface of antigen presenting 

cells (APCs) and begin to initiate the upregulation of inflammatory cytokines, 

chemokines and activation of immature neutrophils from the bone marrow.71 72 

The inflammatory cascade causes activation of various pro-inflammatory 

interleukins e.g. IL-1, and TNF-alpha, which in turn lead to activation of further 

inflammatory cascades and alterations in complement and coagulation 

pathways.72  
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Activation of the complement system leads to production of compounds such as 

C5a, which promotes chemotaxis of neutrophils into damaged tissues, where 

upon encountering more PAMPs and DAMPs, the immature neutrophils release 

neutrophil extracellular traps (NETS). These are physical extracellular structures 

which help to ‘mop up’ molecular proteins involved in inflammation. However, 

the granulytic enzymes and NETS produced by neutrophils also promote initiation 

of the coagulation cascade and shift homeostasis of coagulation towards 

prothrombotic activity in damaged tissues, ultimately leading to utilisation of 

coagulation factors and a consumptive coagulopathy.71 74 Thus, sepsis results in a 

dysregulated hyper-inflammatory response, leading to increased vascular 

permeability, activation of the coagulation cascade and microvascular 

thrombosis.71 

These hyper-inflammatory effects are often coupled with relative 

immunosuppression. This ‘hypo-inflammation’ is mediated by the early 

depletion of T and B Lymphocytes and the apoptosis of APCs. This often 

manifests as a lymphopaenia which has even been associated with increased risk 

of mortality in sepsis.72 75 Furthermore, repeated exposure to PAMPs (e.g. 

endotoxin) can actually impair monocyte function, a key component of the 

innate response. Endotoxin exposure results in reduced expression of human 

leukocyte antigen DR (HLA-DR), a protein which when downregulated leads to 

impaired monocyte cytokine secretion and loss of subsequent depletion of Th1 

and Th2 cell populations, a key part of our adaptive immune response. This 

reduction in HLA-DR expression has been associated with prediction of sepsis in 

patients presenting to UK emergency departments, highlighting not only the 

potential prognostic role of immunosuppression in sepsis, but also the early 

occurrence during pathogenesis.76 77 There are numerous cytokines and proteins 

implicated in either pro-inflammatory or immunosuppressive pathways in sepsis. 

However, to date there is no randomised controlled trial that demonstrates that 

isolated blockade of a single cytokine or pathway confers a mortality benefit in 

‘all-comers’ with sepsis.73  

The degree to which systems of homeostasis are altered or impaired in individual 

patients is varied and heterogenous, leading to the concept of hyper and hypo-

inflammatory phenotypes in sepsis. These subtypes have previously been 
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identified in ARDS cohorts and had associated differences in molecular 

signatures.78 Subsequently, similar subtypes have been found in retrospective 

analyses of sepsis patients, and share molecular features between similar 

subtypes in other critical illness syndromes.79 This has led to a hope that a 

reframed understanding of the immunobiology of critical illness may lead to 

targeted therapy, where sub-populations with discrete inflammatory profiles 

may be more likely respond to specific and targeted treatments based on the 

underlying immunological mechanisms.73 

1.3.3 Clinical presentation of sepsis 

Despite great advances in the underpinning immunobiology of sepsis, diagnosis 

remains challenging. The ‘life threatening organ dysfunction’ defined as a 

change in SOFA score ≥2 serves as an example to highlight the potential 

heterogeneity in clinical presentation itself, both in terms of pathogen or 

‘source’ of sepsis and the consequent organ failures.65 For example, a patient 

with urinary tract infection that presents with acute kidney injury, 

thrombocytopaenia, but no other organ failure can meet the equivalent criteria 

for a sepsis diagnosis as a patient who presents with pneumonia requiring high 

flow oxygen therapy and infusions of vasoactive drugs to maintain an adequate 

blood pressure. 

Thus, sepsis is a diverse clinical syndrome that is the result of a complex 

interplay between host factors (frailty, co-morbidity, age), pathogen factors 

(virulence, load, clinical sequelae) and contextual features. This, in turn, can 

result in a broad range of manifestations including respiratory dysfunction, 

cardiovascular dysfunction, acute kidney injury, coma, coagulopathy and 

delirium.41  

It is perhaps then understandable why this broad clinical syndrome, which by 

definition often results in multi-organ failure, represents one of the most 

common conditions admitted to intensive care and can have such drastic long-

term consequences. 
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1.3.4 Inflammation and recovery from sepsis 

Similar long-term complications to those seen in sepsis are also seen in patients 

who survive severe acute inflammatory responses of other aetiologies, including 

burns and trauma.80 It has been proposed that this could be attributed to the 

development of a persistent inflammatory state in certain subgroups of patients, 

with ongoing immune dysfunction and catabolic metabolism. 81 82 However, 

present research has largely studied factors which initiate the early 

inflammatory processes associated with sepsis and there are limited data 

detailing the longitudinal course of inflammation during the recovery phase.80  

There is a small body of evidence to suggest that patients who survive critical 

illness may have a persistent inflammatory state during recovery. It has been 

demonstrated, at ICU discharge, most patients have persistently elevated 

inflammatory markers including; CRP, TNF-α and procalcitonin. 83 In addition, 

CRP was persistently elevated until 13 weeks post ICU discharge and IL-6 

remained elevated at 26 weeks in a subset of patients with anaemia.84 However, 

a detailed longitudinal inflammatory profile in survivors of critical illness 

specific to sepsis is yet to be conducted.  

 
There is growing interest in the association between inflammation and functional 

outcomes in survivors of critical illness.  Higher levels of systemic inflammation 

early in ICU admission are associated with the subsequent development of ICU 

acquired weakness.85 In addition, persistently elevated CRP at 3 months 

following ICU discharge has been shown to be associated with decreased 

mobility.86 Currently there is mixed evidence regarding a possible association 

between inflammation and cognitive outcomes in survivors of critical illness. A 

retrospective cohort study demonstrated that higher levels of plasma IL-6 and IL-

10 at hospital discharge were associated with long-term cognitive dysfunction 87, 

however, a subsequent prospective study failed to replicate this association 88. 

Indeed, the study which is the focus of this thesis is embedded within a larger 

biomarker study which aims to establish whether there is an association between 

chronic inflammation and chronic pain in survivors of critical illness due to 

sepsis. While the author is not aware of any pre-existing studies in this field, 
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there is evidence to support an association between systemic inflammation and 

chronic pain in other populations. For example, concentrations of the pro-

inflammatory cytokines IL-1β, IL-6 and TNF-α have been found to be significantly 

higher in patients with chronic pain of a variety of aetiologies.89-91 Moreover, the 

ratio of pro-inflammatory cytokines to the anti-inflammatory cytokine IL-10 was 

found to be significantly higher in patients with chronic pain.90 

 

1.3.5 Long-term consequences of sepsis 

In recent decades there has been increased recognition of the importance of 

long-term outcomes in survivors of sepsis.5 92 93  Survivors of sepsis have an 

increased risk of mortality and hospitalisation and this relative risk may be 

greater than that of other comparable acute medical conditions. 93-95  

Sepsis survivorship literature has greatly contributed and bears significant 

overlap to the PICS literature.  Much like PICS, patients with sepsis also can 

acquire multiple impairments spanning cognitive, physical and cognitive 

domains.96 Indeed, in a recent survey by the James-Lind alliance of researchers, 

clinicians, patients and families aimed to set forthcoming research priorities in 

sepsis. Of those identified, long-term consequences of sepsis and how they are 

best treated was one of the top priorities according to patients and families, 

second only to rapid diagnosis and treatment.97 

As eluded to in the above discussion of long-term outcomes following critical 

illness, despite long standing recognition of the acquisition of comorbidity and 

functional impairment following sepsis, there have been little advances in terms 

of therapeutics which address this burden of acquired comorbidity. 

Parallel to PICS, the emergence of the concept of persistent inflammation, 

immunosuppression and catabolism syndrome (confusingly also termed PICS, but 

from here-on referred to in unabbreviated form) refers to the chronic low-grade 

inflammatory state that can occur following the onset of critical illness. It can 

result in prolonged ICU stay and may be associated with poorer long-term 

outcomes. 98 This persistent inflammation and catabolism syndrome, although 

similar, is distinct from PICS as it offers a mechanistic explanation for some of 
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the adverse outcomes seen in sepsis survivors. For example, in a study examining 

inflammatory consequences of patients with chronic critical illness (CCI), 

defined as ICU length of stay > 14 days and organ dysfunction, patients exhibited 

greater levels of inflammatory cytokines such as IL-6 and IL-8. Other similar 

increases in cytokines involved in immunosuppression have been identified in 

these populations over one month beyond the index illness.99 

Whilst it is unclear what drives this persistent chronic inflammation in some 

patients following sepsis, it offers a plausible mechanism by which it may be 

result in some of the clinical features of PICS and other long-term consequences 

of sepsis.99 

 

1.4 Cardiovascular dysfunction in survivors of sepsis 

1.4.1 Cardiovascular dysfunction during sepsis and sepsis-

induced cardiomyopathy 

Cardiovascular dysfunction is common in sepsis. The prevalence of sepsis-

induced cardiomyopathy in intensive care patients varies markedly and has been 

reported to occur in 10-70% of patients depending on the definition used.100 

Definitions vary between echocardiographic parameters of left and right 

ventricular systolic or diastolic dysfunction (e.g. Left ventricular ejection 

fraction (LVEF) <50%) or non-echocardiographic definitions such as biomarkers of 

myocyte injury (e.g. high sensitivity troponin T (hs-TnT)) or myocardial wall 

stress (e.g. N-Type pro Brain Natriuretic Peptide (NT-proBNP)).100 

Whilst these definitions confer various advantages and disadvantages in terms of 

their clinical utility and generalisability, what is clear is that sepsis-induced 

cardiomyopathy is likely to affect a huge number of patients in the ICU. Whilst 

the long-term prognostic impact of myocardial dysfunction in sepsis remains 

unclear,101 102 the hypothesis that there are long-term consequences resulting 

from the cardiovascular dysfunction often seen in sepsis, is a compelling 

narrative. 
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Much of the conceptualisation of sepsis-induced cardiomyopathy is traditionally 

framed around the concept that it is reversible.103 104 However, there are many 

contemporary data demonstrating there may be long-term cardiovascular 

consequences of sepsis. Admission to hospital with sepsis has now been 

associated in multiple observational studies with an increased long-term risk of 

major adverse cardiovascular events (MACE) such as myocardial infarction, heart 

failure, or stroke.105 Indeed, readmission with cardiovascular disease has been 

estimated to occur in 3.5% of all sepsis patients within 30 days of discharge.106 

Thus, it is possible that the acute cardiovascular dysfunction commonly 

occurring during index admission may have under-recognised long term 

consequences. Whilst there is much literature around mechanisms of physical 

impairments seen in post-intensive care syndrome, there is little prospective 

work outlining the role by which cardiovascular dysfunction might mediate some 

of these impairments. 

1.4.2 Potential mechanisms of post-sepsis cardiovascular disease 

following sepsis 

There are numerous mechanisms by which cardiovascular disease might occur 

following critical illness. The initial upregulation in inflammation can trigger a 

series of events which predispose chronic inflammation and vascular remodelling 

and bear significant overlap with mechanisms of other chronic cardiovascular 

conditions.107 

The response to PAMPs and DAMPs in sepsis leads to activation of TLRs and APCs 

as described above. This leads to an upregulation in pro-inflammatory pathways 

via compounds such as the nucleotide-binding domain, leucine-rich repeat, and 

pyrin domain containing receptor 3 (NLRP3) inflammasome.108 This molecule 

upregulates inflammatory pathways, pyroptosis and markers of cell stress via IL-

1β, IL-6 and hs-CRP, the levels of which have been demonstrated to be elevated 

in ICU survivors months after discharge and are associated with poor outcomes 

following discharge.109 110 These pathways have been implicated in other chronic 

cardiovascular diseases, for example the ‘Anti-inflammatory therapy with 

canakinumab for atherosclerotic disease (CANTOS)’ trial demonstrated that 

blocking the IL-1β pathway could potentially modify cardiovascular disease 
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activity.111 However, other attempts to modify inflammation in an attempt to 

reduce incidence of heart failure or other adverse cardiovascular outcomes have 

not been as successful.112 113 

Myocardial injury often occurs in sepsis, and biomarkers such as troponin have 

been independently associated with mortality.114 Given sepsis involves 

significant alterations in inflammation and coagulation, the hypothesis that 

coronary thrombus and myocardial infarction may be precipitated by sepsis is 

plausible. However, mechanistic studies have not shown significant differences 

in functional coagulation in patients with raised troponin values vs those 

without, suggesting myocardial injury may not be due to formation of 

thrombus.115 This is perhaps similar to other populations, for example in the 

peri-operative setting, where myocardial injury is often not associated with new 

coronary thrombus.115 It is also plausible that sepsis induced cardiac dysfunction 

may be caused by global oxygen supply/demand mismatch, however this is not 

always consistent with early models and studies demonstrating that rises in 

troponin often occur in the absence of flow limiting disease.116 117 Despite the 

lack of mechanistic clarity regarding why myocardial injury occurs, the narrative 

that links acute myocardial injury to long-term adverse outcomes remains a 

plausible hypothesis and can be demonstrated in other populations.118  

Damage to other organ systems may also contribute to ongoing cardiovascular 

dysfunction. For example, sepsis is associated with incidence of acute kidney 

injury, which has been shown to bear considerable association with long-term 

immune activation and morphological changes that predispose to cardiovascular 

remodelling and MACE.119 

In addition to the immune response, there is also considerable metabolic 

adaptions following critical illness. Critical illness bears similarities to obesity, 

with considerable macrophage activation in adipose tissue and subsequent 

insulin resistance.120 There is a propensity to muscle breakdown and cachexia in 

part via growth differentiation factor-15 (GDF-15) a cellular stress marker. 121 

Deleterious mineralocorticoid signalling, often elevated as part of the primary 

response during sepsis has also been implicated in pathogenesis of cardiovascular 

disease. Many T-cell populations and myeloid cells have mineralocorticoid 
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receptors which when blocked by antagonists can be associated with reductions 

in cardiac hypertrophy and fibrosis.122 

Thus, there are numerous immuno-metabolic mechanisms by which critical 

illness can create conditions similar to that of chronic disease (e.g. hypertension 

or chronic kidney disease) and predispose survivors to the risk of MACE. 

1.5 Evaluation of cardiovascular disease in ICU survivors 

of sepsis 

1.5.1 Heart failure 

Heart failure is a major health burden worldwide. Despite marked improvements 

in treatment, it bears a significant burden of mortality and morbidity that is 

comparable to other serious health conditions such as cancer.123 Heart failure is 

not a single diagnosis, but a clinical syndrome defined by the presence of signs 

and symptoms of heart failure (e.g. dyspnoea, orthopnoea, oedema) caused by 

evident abnormalities of cardiac structure or function and either elevated levels 

of plasma natriuretic peptides or objective evidence of cardiogenic pulmonary or 

systemic congestion.124 125  

In recent years, a universal definition of heart failure has been developed by the 

Heart Failure Society of America (HFSA), the  heart failure association of the 

European Society of Cardiology (ESC) and the Japanese Heart Failure Society 

(JHFS).124 The document goes further to recognise and delineate ‘stages’ of 

heart failure and recognises ‘pre-heart failure’ (Figure 1-5), where patients may 

not have a burden of symptoms, but are confirmed to have heart failure risk 

factors or objective evidence of abnormal cardiac function which predisposes 

them to heart failure in the future. There is a growing evidence base for 

treatment of these early stages of the syndrome, with a recognition of the 

heterogeneity of the patient population and the challenges this poses to 

research and clinical practice. 124 
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Figure 1-5 Stages in development and progression of heart failure  

Outlined in the universal definition of heart failure jointly published by the ESC, HFSA & 
JHFS.124 Stage A reflects those at risk of heart failure. Stage B reflects those with ‘pre-heart’ 
failure without a prior symptom burden, but evidence of structural or biochemical 
abnormalities. Stages C and D align with confirmed heart failure and advanced heart failure 
respectively. Reproduced with permission from the Journal of Cardiac Failure. 

In terms of clinical phenotypes, heart failure is commonly stratified by left 

ventricular ejection fraction (LVEF). Using this parameter, it can be divided into 

heart failure with reduced ejection fraction (HFrEF), heart failure with 

moderately reduced ejection fraction (HFmrEF), and heart failure with 

preserved ejection fraction (HFpEF) (Table 1-3).125 This is owed to the ability of 

reduced LVEF to discriminate between patients who are likely to respond to 

guideline directed medical therapy (GDMT), which has revolutionised 

management over recent decades. In particular, much of the evidence for GDMT 

is particularly robust in HFrEF i.e. in patients with an LVEF <40%. In these 

patients, there an evidence base which has led to the development of robust 

guidelines and a clear benefit in terms of mortality and burden of symptoms.125 

On the other hand, the evidence base for HFmrEF and HFpEF is evolving. This is 

a heterogenous range of symptoms that includes patients with ischaemic heart 

disease, infiltrative cardiomyopathies and valvular heart disease to name a few. 

Thus, establishing underlying diagnosis is crucial. Nonetheless, recent well 

conducted randomized controlled trials have demonstrated reductions in 

mortality and heart failure admission with SGLT-2 inhibitors in patients with 
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HFmrEF, showing promise for other therapies in this category.126 127 In HFpEF, 

the DELIVER trial also demonstrated reductions in heart failure events, 

highlighting promise of emerging therapies in this cohort too. 

Table 1-3 Phenotypes and definitions of heart failure 

Heart Failure 
Phenotype 

HFrEF HFmrEF HFpEF 

Symptoms and Signs Yes Yes Yes 

LVEF ≤40% 41-49% ≥50% 

Other - -  Evidence of raised LV 
filling pressures / diastolic 

dysfunction, including 
raised natriuretic peptides 

HFrEF = Heart failure with reduced ejection fraction, HFmrEF = Heart failure with mildly reduced ejection fraction, 
HFpEF = Heart Failure with preserved ejection fraction. LVEF = Left ventricular systolic function. LV=Left ventricle. 
Adapted from ESC guidelines for the diagnosis and treatment of chronic heart failure.125 
 

Adjunctive therapies for venous congestion, arrythmia or hypertension, or 

electrophysiological therapies (e.g. cardiac resynchronizations therapy devices) 

are beyond the scope of this discussion, as are advanced therapies such as 

mechanical circulatory support. 

However all of the above serves to highlight the vast evidence base for heart 

failure that has led to marked improvements in mortality over recent decades.128  

Going forward in this thesis, LVEF is an important outcome in both defining 

participants with left ventricular systolic dysfunction (LVSD) and exploring 

relationships with other outcomes in the study. 

1.5.2 Assessment of cardiovascular function 

There is a vast array of modalities and techniques for the assessment and 

monitoring of cardiovascular function in critical care and beyond. Whilst the 

study that comprises the majority of this thesis deals with a critical care 

population, the focus will be on methods of cardiovascular assessment that are 

applicable both in intensive care and the outpatient setting. These comprise of 
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imaging modalities, biomarkers of cardiovascular injury and wall stretch, and 

functional outcomes. 

1.5.3 Imaging modalities 

1.5.3.1 Echocardiography 

Echocardiography has been in use since 1954, when Edler and Hertz 

demonstrated the use of ultrasound to obtain moving pictures of the structures 

of the heart.129 Echocardiographic images can be taken in the form of trans-

thoracic echo (TTE) images or transoesophageal (TOE). Whilst TOE confers many 

advantages in terms of image quality, and diagnostic capability, it is more 

invasive in nature, can be poorly tolerated and is associated with gastric or 

oropharyngeal complications.130   

TTE by comparison is non-invasive, demonstrably safe and similarly aids 

diagnosis and refinement of management strategies in patients with critical 

illness syndromes including shock, respiratory failure or post-cardiac arrest and 

131 as such, its use has become widespread in critical care. The British Society of 

Echocardiography (BSE) outline the minimum dataset required for transthoracic 

echocardiography in adults,132 allowing comprehensive assessment of left and 

right ventricular structure, systolic and diastolic function, valvular lesions and 

significant vascular pathology such as aortic root dilation or dissection.  

In recent years, these guidelines have been adapted by the BSE and the Intensive 

Care Society (ICS) to provide a focus on critical care pathology and decision 

making.133 134 Both aim to address the increase in point-of-care echocardiography 

and its demonstration as a safe and effective tool that often changes clinical 

management at the bedside.135 136   Similarly, there is an emerging recognition of 

the potential utility of point-of-care echocardiography for future research.135 

In the outpatient setting, echocardiography is a pillar of heart failure 

investigation and management, enabling detailed assessment of cardiac 

structures that can help refine diagnosis and management strategies. Its low-risk 

profile and favourable tolerability ensure its place as an ideal tool for 



57 
 
assessment of key measures such as LVEF and other measures in cardiac 

dysfunction.137  

1.5.3.2 Cardiovascular magnetic resonance imaging (CMR) 

Cardiovascular magnetic resonance (CMR) imaging is the gold-standard method 

for assessing cardiac function and structure, with superior ability to assess left 

ventricular volumes, function, wall motion abnormalities and myocardial 

tissue.138 It is also the reference diagnostic method for determining myocardial 

injury, including myocarditis and acute cardiomyopathy by using parametric 

mapping techniques such as T1, T2 and extra cellular volume (ECV) which enable 

assessment for myocarditis and other causes of cardiomyopathy.139 140 

In terms of myocardial tissue characterisation, T1 mapping measures the 

longitudinal relaxation time of myocardial protons when a radio-frequency pulse 

is applied, giving a numeric value in terms of milliseconds. The most important 

determinants of increased T1 are oedema and an increase in interstitial space 

due to fibrosis or scar.141 Through use of gadolinium based contrast, a 

significantly shortened T1 value can be observed and from this a measurement 

of the extracellular volume (ECV) derived, often a surrogate marker and 

differentiator for tissue fibrosis.141 These T1 maps can be used to aid in 

differentiation between acute or chronic myocardial infarction and other non-

ischaemic cardiomyopathies.  

T2 mapping refers to the measurement of decay in overall transverse 

magnetization and is sensitive to changes in myocardial water content or 

oedema.142 In combination with T1 and ECV, these can be utilised to determine 

the presence of active myocarditis and help to further characterize myocardial 

disease, enriching the gold-standard functional information as part of a standard 

CMR study. These features make CMR an attractive approach for research. 
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1.5.4 Biomarkers of cardiovascular dysfunction 

1.5.4.1 Troponin 

The utility of biomarkers in assessing risk of cardiovascular disease is long 

established in ICU, hospital and outpatient settings. High-sensitivity Troponin T 

(hs-TnT) is a biomarker of cardiomyocyte injury most frequently used in the 

diagnosis of myocardial infarction. However, values are often abnormal in other 

settings such as pulmonary embolism, arrhythmia and sepsis.143 144 Troponin 

values have been shown to be associated with mortality in ICU settings and are 

associated with measures of disease severity including acute physiology scoring 

systems such as the acute physiology and chronic health evaluation (APACHE) II 

score.114 145 146 Troponin has also been shown to be associated with objective 

markers of cardiac dysfunction such as need for vasoactive drugs and wall 

motion abnormalities on echocardiography.147 High-sensitivity troponin I (hs-TnI) 

has also been shown to be associated with an increased risk of adverse CVD 

events in a community setting.148 

1.5.4.2 B-type natriuretic peptide and N-terminal pro-B-type natriuretic 

peptide 

BNP and NT-proBNP are sensitive biomarkers for ventricular wall stretch and 

dysfunction and are widely used in diagnosis of heart failure in international 

guidelines and diagnostic pathways.125 149 150 In a critical care setting, NT-pro-BNP 

values have been identified, along with other cardiac biomarkers, as predicting 

risk of death on discharge from ICU.151 In addition, elevated BNP values have 

been associated with post-operative impairments in ventricular function.152 

These biomarkers are described in more detail in Chapter 6. 

1.5.4.3 Ca-125 and Cystatin-C 

CA-125 is a membrane associated glycoprotein, which is most commonly known 

as a biomarker of ovarian and other cancers.153 However, more recently CA-125 

has been investigated as a novel marker of congestion in heart failure154 and has 

been shown to be associated with clinical outcomes including mortality and 

hospital admission.155  
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Similarly, Cystatin-C - a biomarker traditionally associated with renal 

dysfunction156 -  has also shown promise as a biomarker for cardiac dysfunction, 

especially when used in combination with NT-proBNP.157 It has also been shown 

to be a predictor of mortality and cardiac events in patients with heart failure. 

158 159      

1.6 Summary and aims of thesis 

Critical illness is defined as life-threatening but potentially reversible illness 

associated with organ dysfunction requiring intensive care. It accounts for 

hundreds of thousands of admissions to intensive care in the UK annually. 

The consequences of critical illness are often significant. Two thirds of ICU 

survivors are burdened with physical, cognitive or psychological issues often 

collectively termed PICS.2 Intensive care survivorship and PICS often has a 

significant impact on quality of life, with a third of patients readmitted to 

hospital within 90 days and only half returning to meaningful employment within 

a year.4 160 Although there are numerous data outlining the existence of PICS, 

few exist regarding underlying mechanisms. Although there are areas of the 

literature that explore specific impairments such as respiratory impairment, 

muscle weakness or overall deficits in physical function, there are few 

underlying mechanistic data. One area for which there is a paucity of data is 

cardiovascular dysfunction, despite a growing body of evidence that patients 

admitted to hospital with sepsis and other critical illness syndromes are at an 

increased risk of adverse cardiovascular outcomes following admission.105 161 

Sepsis is of particular interest on account of its ubiquity in intensive care, its 

clear association with acute cardiovascular dysfunction and an increasingly 

robust literature around long-term risk of adverse cardiovascular events.65 105 162 

Defined as a life-threatening and dysregulated host response to infection, it is 

one of the most common reasons for ICU admission.  

An initial response to PAMPs and DAMPs initiates a cascade of inflammatory 

events, resulting in inflammation, increased endothelial permeability, activation 

of the coagulation cascade and microvascular dysfunction and thrombosis. In 
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severe cases it can result in septic shock, where the body is unable to meet the 

metabolic demands of tissues despite institution of vasoactive medications.65 

This state is often associated with significant cardiac dysfunction as evidenced 

by changes in echocardiographic appearances and biomarkers, many of which 

are often associated with poor prognosis.114 151 

This raises the question regarding the long-term implications of cardiovascular 

dysfunction during acute illness. The literature surrounding heart failure - the 

final common pathway in many causes of chronic cardiomyopathy - has a robust 

evidence base and recent decades have demonstrated significant advances in 

treatment and outcomes.125 128 The fundamentals of heart failure assessment are 

well established and involve a combination of symptomatology, biomarkers of 

myocardial dysfunction and functional appearances on echocardiography or 

other imaging.125 

Whilst critical illness, and in particular sepsis, are associated with an increased 

risk of adverse cardiovascular outcomes, the underlying mechanisms for this are 

unclear. There is a paucity of prospective mechanistic data characterising the 

long-term effects of sepsis on the heart and whether structural or biochemical 

changes may be associated with the functional impairments seen in PICS.  

Furthermore, given the extensive evidence base in treatment of heart failure, 

this may represent a treatable comorbidity that may positively alter recovery 

trajectory and reduce risk of hospital readmission. 

As such, this thesis aims to address the following questions: 

• What is the existing evidence regarding cardiovascular dysfunction 

following ICU admission with sepsis and what gaps remain in the 

literature? 

• What is the prevalence of right and left ventricular systolic dysfunction in 

ICU patients following admission with sepsis?  

• Is cardiac magnetic resonance imaging feasible 6-10 weeks following 

hospital discharge in this patient cohort? 
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• How do biochemical changes associated with cardiac dysfunction and 

injury in ICU survivors of sepsis compare with that of the general 

population? 

• What is the relationship between biomarkers of cardiac dysfunction and 

injury, indices of cardiac function as measured on CMR and patient 

reported outcomes in ICU survivors of sepsis? 

Going forward, this thesis will present a review of the literature examining 

available evidence regarding cardiac dysfunction following admission with sepsis 

(Chapter 2). Subsequent chapters (Chapters 3-7) will present methods and 

results of a prospective, observational cohort study, aiming to characterise 

cardiovascular function in ICU survivors of sepsis using CMR imaging, biomarker 

analysis and PROMs.



Chapter 2 Cardiac dysfunction in survivors of 
sepsis: a scoping review 

The work in the following chapter was published in BMJ Open Heart in 2023, and 

is cited using the following reference: 

Garrity K, Gaw S, Blewitt A, Canon P, McCall P, McPeake J. Cardiac dysfunction 

in survivors of sepsis: a scoping review. Open Heart. 2023 Dec 7;10(2):e002454. 

This work was published using a creative commons CC BY 4.0 licence, which 

permits unrestricted use, distribution and reproduction in any medium, provided 

the original work is properly cited.  

The original idea for the literature review was developed by the author of this 

thesis. The published study manuscript was drafted in full by the author and 

modified for integration in this thesis. The search strategy was developed by the 

author. Dr S Gaw and Dr A Blewitt helped in review of articles identified by the 

search strategy. Dr P Canon is an experienced librarian and advised on the 

search strategy. Dr P McCall and Prof J McPeake acted in a supervisory capacity 

and contributed to revisions of the chapter.  

2.1 Introduction 

There are multiple plausible mechanisms by which sepsis might result in an 

increased risk of adverse cardiovascular events.107 In planning the work 

presented in subsequent chapters, it became apparent that several large 

observational cohort studies and at least one systematic review had 

demonstrated that sepsis admission was associated with increased incidence of 

adverse events such as myocardial infarction and heart failure admission.8 105 163 

Furthermore, this association is comparable in incidence to other established 

cardiovascular risk factors such as hypertension or dyslipidaemia. 

Thus, it is logical to hypothesise that chronic cardiovascular dysfunction may be 

common following critical illness and may play a role in some of the functional 

impairments commonly observed following admission to intensive care. Whilst 

there is an increasing body of evidence that embellishes the narrative of sepsis 
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as a non-traditional cardiovascular risk factor, there are few data regarding 

mechanisms of chronic cardiovascular dysfunction following acute illness, the 

relationship to functional impairments seen in survivors of sepsis and how we 

might identify and manage at risk patient groups.  

It is therefore important to understand existing data on the subject, types of 

evidence available and clarify key concepts. As such, a scoping review was 

conducted on the topic of cardiac dysfunction following sepsis. 

2.2 Methods 

The scoping review aimed to answer the following interrelated questions: 

• To what extent does current literature explore cardiovascular function or 

dysfunction following an episode of sepsis? 

• What research methodologies have been employed to explore the long-

term cardiovascular effects of hospital admission with sepsis?  

• To what extent does this literature explore the role cardiovascular 

function might play in functional impairment following admission with 

sepsis? 

• Does this literature explore any mechanisms by which cardiovascular 

dysfunction might cause long-term functional impairment (e.g. objective 

evidence of ischaemia or heart failure).  

2.2.1 Protocol and registration 

A scoping review strategy was chosen with a view to ensuring inclusion of a 

broad range of articles and a focus on identification of research gaps. This would 

complement a recent meta-analysis examining focused incident outcomes and 

aid in further mapping of the literature.105 The review was conducted in 

alignment with the Joanna Briggs Institute (JBI) guidance and reported in 

accordance with Preferred reporting items for systematic reviews and meta-

analyses (PRISMA-ScR) checklist.164 Ethical approval was not required. The study 
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protocol and search strategy were registered on Open Science Framework (OSF 

https://doi.org/10.17605/OSF.IO/QPSY5). 

2.2.2 Search strategy, sources and eligibility criteria 

Using an initial focused search, key papers in the literature were identified to 

aid in devising a comprehensive search strategy in conjunction with an 

experienced librarian. The MEDLINE, Embase and CINAHL databases were 

searched using the Concept, Context, Population (CoCoPop) framework as 

outlined by the JBI for use in scoping reviews.165 

The search strategy (Table 2-1), including text words and subject headings, was 

adapted for each database. The reference list of all included sources of evidence 

was also screened for additional eligible articles.   

2.2.2.1 Participants 

This scoping review focused on adult survivors of sepsis and included any 

literature which considered outcomes for adult patients >18 years old, 

regardless of comorbidity or frailty. 

2.2.2.2 Concept 

The search strategy was aimed at identifying literature with the terms ‘heart 

failure’ or ‘cardiovascular outcomes’ in the title or abstract, focusing on the 

concept of cardiac dysfunction following an episode of sepsis. Papers that 

focused on acute haemodynamic instability during an episode of sepsis (e.g. 

septic shock or acute arrhythmia) were not included unless they contained data 

pertaining to long-term cardiovascular outcomes following discharge from 

hospital. 

2.2.2.3 Context 

The search focused on sepsis survivorship. The terms ‘sepsis’, ‘bacteraemia’ and 

other related terms were used to identify relevant literature for potential 

inclusion.  The ‘Sepsis 3’ definitions are widely recognised by the sepsis and 

critical care research communities and define sepsis as life threatening organ 

https://doi.org/10.17605/OSF.IO/QPSY5
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dysfunction caused by a dysregulated host response to infection. Data in this 

scoping review utilised this definition for inclusion of articles in this review.65  

Table 2-1 Search strategy for scoping review 

# Query 

1 Cardiovascular Diseases/ 

2 Heart Failure/ 

3 heart failure.mp. 

4 cardi* failure.mp. 

5 cardi* dysfunction.mp. 

6 cardiogenic shock.mp. 

7 cardiovascular outcomes.mp. 

8 1 or 2 or 3 or 4 or 5 or 6 or 7 

9 Sepsis/ 

10 Bacteremia/ 

11 bacter?emia.mp. 

12 endotox?emia.mp. 

13 Shock, Septic/ 

14 (Septic* or Seps*).mp. [mp=title, abstract, original title, name of 
substance word, subject heading word, floating sub-heading word, 
keyword heading word, organism supplementary concept word, protocol 
supplementary concept word, rare disease supplementary concept word, 
unique identifier, synonyms] 

15 pneumonia.mp. 

16 9 or 10 or 11 or 12 or 13 or 14 or 15 
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17 exp Adult/ 

18 Cohort Studies/ 

19 Retrospective Studies/ 

20 Prospective Studies/ 

21 Longitudinal Studies/ 

22 (follow-up or long-term or cohort or longitudinal or prospective or 
retrospective).mp. [mp=title, abstract, original title, name of substance 
word, subject heading word, floating sub-heading word, keyword heading 
word, organism supplementary concept word, protocol supplementary 
concept word, rare disease supplementary concept word, unique 
identifier, synonyms] 

23 18 or 19 or 20 or 21 or 22 

24 8 and 16 and 17 and 23 

25 limit 24 to English language 

 

2.2.3 Sources and selection of evidence 

Prospective and retrospective observational or cohort studies were included. In 

addition, the review considered both experimental and quasi-experimental 

designs including randomised controlled trials, non-randomised controlled trials, 

before and after studies and interrupted time-series studies. The review also 

considered descriptive observational study designs including case series, 

individual case reports and descriptive cross-sectional studies for inclusion. 

Conference proceedings, conference abstracts or book chapters were not 

reviewed to avoid duplication that may have occurred in published studies.  

Following the search, all identified citations were collated and uploaded into the 

Rayyan platform and duplicates removed. A pilot test ensuring reviewer 

agreement (>75%) was conducted prior to screening results. Subsequently, titles 

and abstracts were then screened by two or more independent reviewers for 

assessment against the inclusion criteria for the review using Rayyan software. 

Any disagreements that arose between reviewers at each stage were resolved 
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through discussion, or with (an) additional reviewer(s). The results of the search 

and the study inclusion process were reported using the (PRISMA-ScR) flow 

diagram.164 

2.2.4 Data extraction, analysis and presentation 

Data was extracted from studies by two or more independent reviewers using a 

data extraction tool (Appendix 1). The data extracted included specific details 

about the participants, concept, context, study methods and key findings 

relevant to the review questions. Reviewers identified patients who had sepsis as 

defined by Sepsis 3 criteria.65 Where patients were not explicitly identified has 

having sepsis by the reviewers, the article was included only if sepsis was 

present in the majority of participants (>50%).  

The data extraction tool was developed a priori and was modified and revised as 

necessary during the process of extracting data from each included evidence 

source. Any disagreements that arose between the reviewers was resolved 

through discussion, or with (an) additional reviewer(s). 

The literature was collated and mapped according to the review questions. 

Literature was tabulated by author, date, population, context, relevant clinical 

outcomes and by methods that gave mechanistic insights into long-term 

cardiovascular outcomes (i.e. cardiac biomarkers, electrocardiographic findings, 

cardiac imaging). In addition, articles were mapped according to whether they 

documented cardiovascular symptoms or patient reported outcome measures. 

Research gaps were then identified in the literature with a view to formulating 

questions for further research. 

In keeping with JBI guidance on conducting scoping reviews, there was no meta-

analysis conducted. This would have required assessment for bias, leading to 

exclusion of articles that may compromise the review’s ability to map gaps in 

the literature.166 
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2.3 Results 

2.3.1 Summary 

The study selection process is outlined in Figure 2-1. In total 11,210 individual 

articles were identified for review. From these articles, 9533 were eligible for 

screening after removal of duplicates and subsequently 70 articles were eligible 

for full text review. 42 articles were removed from the final data set. Of these 

papers, 26 articles were removed because they did not contain septic cohorts 

with reported outcomes of interest, 11 articles were removed because they did 

not report outcomes related to long term cardiac dysfunction, 1 article was 

removed as it was a prospective study protocol with no results as yet and 3 

articles were narrative or systematic reviews. One further article was removed 

as it was a pathological study with no focus on long-term cardiovascular 

dysfunction. 

2.3.2 Characteristics of studies 

Of the 28 articles included (Table 2-2), all examined long-term outcomes related 

to cardiovascular dysfunction in patients who had sepsis. Articles covered a 17-

year period from 2005 until 2023 and studied patient populations in a variety of 

geographical locations including, North America 19/28 (68%), Europe 4/28 (14%) 

and Asia 5/28 (17%). Articles focused on a wide range of follow-up periods from 

30 days up to 10 years. All included articles studied adult patients, of which two 

focused on particular sub-groups of patients vulnerable to cardiovascular disease 

(patients with chronic kidney disease and patients with end-stage renal failure 

commencing dialysis).167 168 In total, 23/28 (82%) of articles explicitly described 

patient cohorts who had sepsis, however, 5/28(18%) were articles in which the 

primary concept was pneumonia, but explicitly reported outcomes related to 

cardiovascular dysfunction for septic patients.
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Figure 2-1 Flow diagram for scoping review 

 

2.3.3 Research methodology 

Included articles were either prospective 3/28(10.7%) or retrospective 25/28 

(89.3%) observational cohort studies. Although there was one systematic review 

and meta-analysis, this was excluded from final analysis on the basis that it 

contained duplicate data from many of the articles presented. There was a wide 

range in methodology, with some studies comparing sepsis cohorts with 

hospitalised non-sepsis or population controls. Some studies used findings 

related to cardiovascular imaging 4/28 (14.3%) or biomarkers 3/28 (10.7%) to 

stratify patients into groups at varying risk of cardiovascular events. The scoping 

review found no randomised controlled trials investigating interventions related 

to reducing risk of adverse cardiovascular events following sepsis, although 3/28 

(10.7%) retrospective observational studies focused on cohorts of patients 

prescribed statins or renin-angiotensin-aldosterone (RAAS) inhibitors versus those 

who were not.169-171 
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Table 2-2 Summary of articles included in scoping review 

First Author Year Country Context Concept Population Comparator Cohort Methodology 
CV Outcomes 

Studied 

Mechanisms 

of CV 

Dysfunction 

Assessed 

Adamuz172 2014 Spain Pneumonia 

Predictor of 

1 year 

mortality 

Adults Alive vs Dead 
Prospective 

Cohort Study 

MI, 

Cardiovascular 

Deaths 

- 

Aldas173 2020 Spain Pneumonia MACE Adults MACE vs No MACE 
Prospective 

Cohort Study 

HF, 

Arrhythmia, 

MI, All-cause 

mortality 

- 

Alnabelsi174 2020 USA Sepsis MACE Adults 

CT-CAC & Reduced 

LVEF vs No CT-CAC 

and normal LVEF 

Retrospective 

Cohort Study 

MI, 

Cardiovascular 

Deaths 

Imaging, 

Biomarkers 

Angriman171 2023 Canada Sepsis 

Risk Factors 

Associated 

with MACE 

Adults 
RAASi vs No RAASi 

 

Retrospective 

Cohort Study 

MI, All-cause 

mortality 
Biomarkers 

Angriman163 2023 Canada Sepsis 
RAASi and 

MACE 
Adults MACE vs No MACE 

Retrospective 

Cohort Study 

MI, All-Cause 

Mortality 

RAASi 

Prescribing 
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Angriman9 2022 Canada Sepsis MACE Adults 

Sepsis vs 

Hospitalized Non-

sepsis 

Retrospective 

Cohort Study 

MI, 

Cardiovascular 

Deaths 

- 

Beesley175 2021 USA Sepsis MACE Adults 
Normal vs Abnormal 

GLS 

Retrospective 

Cohort Study 

HF, MI,  

All-cause 

mortality 

Imaging, 

Biomarkers 

Chang176 2015 USA Sepsis 

Hospital 

Readmissions 

and 

Diagnoses 

Adults Sepsis vs MI vs HF 
Retrospective 

Cohort Study 

MI, 

Cardiovascular 

admissions 

- 

Corrales-

Medina177 
2009 USA Pneumonia 

Acute 

Coronary 

Syndrome 

Adults 

Pneumonia vs 

Hospitalized 

Control 

Retrospective 

Cohort Study 
MI - 

Corrales-

Medina178 
2015 USA Pneumonia 

MACE and 

Mortality 
Adults 

Pneumonia vs 

Hospitalized 

Control 

Retrospective 

Cohort Study 

MI, 

Cardiovascular 

Death 

- 

De Geer179 2018 Scandinavia Sepsis CV Mortality Adults 

Sepsis vs 

Hospitalized Non-

sepsis 

Retrospective 

Cohort Study 

Cardiovascular 

Death 
- 

Gadre180 2019 USA Sepsis 
Hospital 

Readmissions 
Adults 

30-day readmission 

vs No 30-day 

readmission 

Retrospective 

Cohort Study 

Cardiovascular 

Admissions 
- 
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Garcia181 2021 USA Sepsis 
MACE, 

Mortality 
Adults 

Normal vs Abnormal 

Troponin Values 

Retrospective 

Cohort Study 

HF, 

Arrhythmia, 

MI, All-cause 

mortality 

Biomarkers 

Gupta182 2018 USA Sepsis 

Coronary 

Artery 

Disease and 

Mortality 

Adults 
CAC Absent vs CAC 

present 

Retrospective 

Cohort Study 

MI, 

Cardiovascular 

Death 

Imaging 

Gupta170 2020 USA Sepsis 

Statin 

Prescribing 

following 

Admission 

with Sepsis 

Adults 
Statin indication vs 

No statin indication 

Retrospective 

Cohort Study 

MI, HF, 

Cardiovascular 

Death 

Statin 

Prescribing 

Ishani183 2005 USA Sepsis MACE 
Adults 

with ESRF 

Sepsis vs Population 

Control 

Retrospective 

Cohort Study 

HF, MI,  

All-cause 

mortality 

- 

Jafarzadeh167 2016 USA Sepsis MACE Adults 

Sepsis vs 

Hospitalized Non-

sepsis 

Retrospective 

Cohort Study 
MI - 

Jentzer184 2023 USA Sepsis MACE Adults 

Sepsis vs 

Hospitalized Non-

sepsis 

Retrospective 

Cohort Study 

Cardiovascular 

death, HF, 

IHD, MI, 

Arrhythmia, 

All-cause 

mortality 

- 
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Lai185 2018 Taiwan Sepsis MACE Adults 

Sepsis vs 

Hospitalized Non-

sepsis vs Population 

Control 

Retrospective 

Cohort Study 
MI - 

Menendez186 2019 Spain Pneumonia MACE Adults Early vs Late CVEs 
Prospective 

Cohort Study 

HF, 

Arrythmia, MI, 

All cause-

mortality 

Biomarkers 

Ou187 2016 Taiwan Sepsis MACE Adults 

Sepsis vs 

Hospitalized non-

sepsis vs Population 

control 

Retrospective 

Cohort Study 

HF, MI, 

Arrhythmia, 

All-cause 

mortality 

- 

Ou169 2021 Taiwan Sepsis 
MACE, RAASi 

prescribing 
Adults RAASi vs No RAASi 

Retrospective 

Cohort Study 

HF, MI,  

All-cause 

Mortality 

RAASi 

prescribing 

Prescott188 2017 USA Sepsis 
Hospital 

Readmissions 
Adults 

<65 years vs ≥65 

years 

Retrospective 

Cohort Study 

Cardiovascular 

admissions 
- 

Shih168 2007 Taiwan Sepsis MACE 
Adults 

with CKD 

Sepsis vs 

Hospitalized Non-

sepsis 

Retrospective 

Cohort Study 

HF, MI,  

All-cause 

mortality 

- 

Vallabhajos-

yula189 
2018 USA Sepsis 

Mortality, 

Heart 

Failure 

Adults 

Sepsis with LV 

dysfunction vs 

Sepsis No-LV 

dysfunction 

Retrospective 

Cohort Study 

HF,  

All-cause 

mortality 

Imaging, 

Biomarkers 
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Walkey190 2014 USA Sepsis Mortality Adults 
No AF vs New-Onset 

AF vs Prior AF 

Retrospective 

Cohort Study 

HF, 

Arrhythmia, 

MI 

ECG 

Analysis 

Wu191 2019 Taiwan Sepsis MACE Adults MACE vs No MACE 
Retrospective 

Cohort Study 

MI, All-cause 

mortality 
- 

Yende8 2014 USA Sepsis 
MACE, 

Mortality 
Adults 

Sepsis (ICU & Non-

ICU) vs Hospitalized 

Sepsis (ICU & Non-

ICU) vs Population 

Control 

Retrospective 

Cohort Study 
MI - 

AF=Atrial fibrillation, CAC=Coronary artery calcification, CT=Computed tomography, CKD=Chronic kidney disease, CVE=Cardiovascular events, ECG=Electrocardiogram, End-stage renal failure, HF=Heart 

failure, ICU= Intensive care unit, IHD= Ischaemic heart disease, LV=Left ventricular, LVEF=Left ventricular ejection fraction, MACE=Major adverse cardiovascular events, MI=Myocardial infarction, RAASi= 

Renal angiotensin aldosterone inhibition, USA=United States of America 
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2.3.4 Cardiovascular outcomes 

The included articles reported a variety of incident outcomes related to 

cardiovascular function following sepsis (Figure 2-2). 24/28 (85.7%) articles 

reported incidence of myocardial infarction (MI) or acute coronary syndromes 

(ACS) and 13/28 (46.4%) reported admissions or presentations with congestive 

heart failure. 20/28 (71.4%) articles reported either all-cause or cardiovascular 

mortality and 6/28 (21.4%) examined cardiovascular admissions to hospital. 2/28 

(7.1%) of articles focused explicitly on hospital admissions and diagnoses 

following sepsis. 

Other commonly reported outcomes related to long-term cardiovascular 

dysfunction included incidence of atrial fibrillation or other dysrhythmia, with 

6/28 (21.4%) articles describing arrythmia in patients with sepsis at follow-up.   

Despite a wealth of data describing incident outcomes such as congestive heart 

failure, myocardial infarction, or cardiovascular admissions, the review could 

find no papers which reported any objective cardiovascular symptoms and only 

one study referenced patient reported measures of functional impairment.192 

 

Figure 2-2 Cardiovascular outcomes used in literature examining cardiovascular 

dysfunction following admission with sepsis  

Articles explore a predominately incident cardiovascular outcomes including  

hospitalisation for heart failure (A), arrythmia (B), myocardial infarction (C), cardiovascular 
admissions (D) and all-cause mortality (E). 

 

2.3.5 Mechanisms of cardiovascular dysfunction following sepsis 

11/28 (39.3%) articles reported variables or outcomes related to cardiac 

assessment modalities, which could give mechanistic insights into the incident 

outcomes reported (Figure 2-3).  There was wide variation in methodology 

employed and modalities of cardiac assessment utilised. 6/28 (21.4%) studies 

reported cardiac or inflammatory biomarkers as a variable of interest. Five of 
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the included articles used troponin during index illness as a variable for inclusion 

in data analysis or to risk-stratify patients into separate cohorts for study. Only 

one study analysed other cardiac or inflammatory biomarkers (e.g NT-proBNP or 

acute phase inflammatory biomarkers). This particular study was the only article 

which described serial biomarkers that were sampled beyond admission.186 4/28 

(14.3%) articles related findings on cardiovascular imaging to adverse 

cardiovascular outcomes.174 175 182 189 All of these articles that examined 

mechanistic data and the association with cardiovascular outcomes used imaging 

during index illness employing a variety of methods (CT-Coronary Angiography or 

echocardiography) and grouped patients into hypothetical groups of 

cardiovascular risk based on imaging findings. One study stratified patients 

based on the presence of atrial fibrillation on ECG during sepsis admission and 

explored the association with long-term risk of cardiovascular events.190 2/28 

(7.1%) studies explored the role of RAAS inhibition following admission with 

sepsis and found a reduction in risk of adverse cardiovascular events using 

retrospective cohort analysis that employed propensity score matching 

methodology.169 171  

The review could find no prospective randomised controlled trials that explored 

the effect of preventative or disease modifying therapies on the risk of adverse 

cardiovascular events. 

 
Figure 2-3 Modalities of cardiovascular assessment in the literature pertaining to 
cardiovascular dysfunction following sepsis  

2.4 Discussion 

This scoping review maps the literature pertaining to cardiovascular dysfunction 

following hospital admission with sepsis, the research methodologies employed 

and the extent to which the literature employs objective methods of 

cardiovascular assessment to explore this topic. The review demonstrates that 
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whilst there is an established body of evidence to suggest that sepsis is 

associated with a long-term risk of cardiovascular events, there are gaps in our 

understanding as to why this occurs. Only 3/28 (10.7%) of the included studies 

were prospective in nature and only 11/28 (39.3%) included objective 

measurements of cardiac assessment, cardiac injury or functional outcomes 

following admission. Whilst basic biological mechanistic research is out with the 

remit of this scoping review, it demonstrates a lack of articles highlighting broad 

clinical mechanisms by which these adverse events are mediated and several 

gaps in the literature for which there is a need to explore with further research. 

From the review, a hypothetical model of the risk of cardiovascular disease 

acquired as a consequence of sepsis is proposed (Figure 2-4). This led 

subsequently to the generation of research questions aimed at furthering how 

the field can help identify survivors most at risk of cardiovascular disease and 

whether they may be responsive to therapy that may alter recovery trajectory or 

reduce risk hospital readmission (Figure 2-4). 

Firstly, despite a body of evidence suggesting that cardiac dysfunction following 

admission with sepsis is prevalent, the approach towards identifying at-risk 

groups on admission is less clear. Sepsis is one of the most common reasons for 

hospital and intensive care admission worldwide.64 193 194 As such, this population 

represents a huge cohort of patients at risk of unrecognised cardiovascular 

disease that may benefit from established preventative or disease modifying 

therapy. This scoping review demonstrates there is recognition of the issue in 

the literature, however there is clearly a varied approach to collecting data 

pertaining to adverse cardiovascular outcomes and identifying which patients 

may be at risk. Many of the studies are retrospective and observational in 

nature, using administrative datasets with ICD codes to record variables and 

outcomes. There can be variability in recording these outcomes and as such they 

may be vulnerable to confounding. As such, it is difficult to know how much 

weight to ascribe to these studies when considering whether patient sub-groups 

should be screened for cardiovascular disease following admission with sepsis. 

Similarly, data pertaining to further risk-stratification of patients using 

cardiovascular imaging or biomarkers during admission were often from 

retrospective or single centre studies using different modalities of variable 

availability in clinical practice. Thus, it remains unclear whether objective 
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This thesis proposes that patients present to intensive care with a prior burden of cardiovascular risk due to the interplay between genetic 
predisposition and modifiable risk factors. Ther There are be multiple features of sepsis admission that may accelerate risk of cardiovascular 
disease and lead to the acquisition of further comorbidity or risk factors that increase the risk of future adverse events. 

Figure 2-4 A model of cardiovascular risk following admission with sepsis 
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methods of cardiovascular assessment may be useful for these purposes. 

Understanding the relationship between sepsis and chronic cardiovascular 

disease, and the extent to which patients and sub-groups are at risk of adverse 

outcomes offers an opportunity to identify cohorts that may benefit from a host 

of established preventative or disease modifying therapies that may have 

demonstrable benefits. Further epidemiological study is required to delineate 

what patients are most at risk of cardiovascular events following admission with 

sepsis. Similarly, further prospective research is required, exploring how we can 

further stratify survivors and validate useful methods of identifying patients at 

risk of cardiovascular disease prior to discharge from critical care and hospital 

settings. 

Secondly, the underlying mechanisms by which post-sepsis cardiovascular events 

occur remain unclear. In this scoping review, all included articles were 

observational cohort studies focusing on incident cardiovascular outcomes (e.g. 

incidence of myocardial infarction) but there was a paucity of data explaining 

how these events may be mediated from a clinical perspective. Less than half of 

articles included any objective assessment of cardiovascular dysfunction and 

related these to long-term outcomes. Only 21.4% explored relationships with 

cardiac biomarkers and 14.2% investigated imaging findings. Despite a focus on 

long-term cardiovascular outcomes, the review could only find one study that 

demonstrated prospectively collected mechanistic data beyond admission - in 

this case, cardiac and inflammatory biomarkers - to explore the relationship 

with adverse cardiovascular events. Thus, the mechanisms underlying the 

acquired cardiovascular risk related to sepsis are presently unclear. For 

example, there is little evidence examining whether sepsis has perhaps 

accelerated pre-existing chronic cardiovascular disease or whether it has 

occurred de novo. It remains unclear as to what extent this phenomenon is 

driven by atherosclerotic disease or whether myocardial inflammation might play 

a role. Studies that help characterise these underlying mechanisms of 

cardiovascular dysfunction and their prevalence - for example by prospectively 

utilising cardiac imaging or biomarkers of cardiac injury - during follow-up are 

required to investigate whether proposed clinical mechanisms can be confirmed 

or refuted in this population.



Table 2-3 Research gaps in the literature of cardiovascular dysfunction following sepsis 

Identifying patients at risk 

• To what extent do traditional cardiovascular risk factors play a role in 

determining cardiovascular risk following admission? 

• To what extent is unrecognised cardiovascular disease prior to 

admission (e.g. coronary artery disease) implicated in adverse 

cardiovascular risk following admission? 

Risk stratifying patients during acute illness 

• How does severity of acute illness impact risk of chronic cardiovascular 

disease? 

• What are the associations of biomarkers of cardiovascular injury and 

dysfunction with long-term risk of cardiovascular events? 

• Can biomarkers of cardiovascular dysfunction be used in this population 

in a similar manner to those used in conventional outpatient settings? 

• Are findings on cardiovascular imaging during admission correlated with 

those on discharge and what implications do these findings have in 

terms of cardiovascular risk? 

• How do alterations to cardiovascular therapies during hospital admission 

with sepsis impact cardiovascular risk on discharge? 

Screening for and managing chronic disease 

• What is the prevalence of cardiac dysfunction following admission with 

sepsis? 

• Should sepsis survivors be screened for cardiovascular disease following 

admission and what is the best strategy in which to do so? 

• What is the association of cardiovascular dysfunction and functional 

outcomes following admission with sepsis? 

• To what extent does sepsis influence the acceleration of atherosclerosis 

or the evolution of de-novo atheroma? 

• Do preventative or disease modifying cardiovascular therapies influence 

risk of cardiovascular events following admission with sepsis? 

Understanding mechanisms of chronic cardiovascular disease following 

sepsis 

• What is the pathogenesis of adverse cardiovascular events following 

admission with sepsis? 

• Is there a genetic or metabolic basis to the cardiovascular risk that is 

acquired following sepsis admission? 

• Does sepsis share similarities to other critical illness syndromes in how it 

mediates acquired cardiovascular risk? 
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Thirdly, the prevalence of chronic cardiovascular disease and how this affects 

survivors of sepsis on a day-to day-basis is unclear. The scoping review identified 

just one article which linked admission with sepsis or cardiovascular outcomes to 

patient-reported functional outcomes or measures or cardiovascular 

symptoms.178 Given the frequency of cardiovascular admissions following sepsis, 

it seems plausible that a significant proportion of sepsis survivors may be 

affected by chronic heart failure or other chronic cardiovascular disease. Future 

research should aim to address the long-term impact on survivors and how this 

relates to functional outcomes. 

Fourthly, given the potential prevalence of cardiovascular dysfunction in this 

large cohort of patients it is tempting to consider the potential for 

cardiovascular therapies to modify risk. This review found no randomised 

controlled trials to prospectively explore these types of question. Future 

prospective research should seek to study whether established cardiovascular 

therapies may lower risk of adverse cardiovascular events or indeed modify 

recovery trajectory.  

Finally, there is significant overlap between literature examining cardiovascular 

outcomes in specific infective processes (e.g. pneumonia) and the sepsis 

syndrome. Our understanding of critical illness and how we define disease 

processes is changing, with the recognition that many classically labelled clinical 

syndromes may share pathophysiological mechanisms.18 Although there may be 

differences in terms of initial pathophysiological insults at the time of acute 

illness, the mechanisms that mediate the underlying increase in cardiovascular 

risk may be similar. Previous research has demonstrated that survivors of sepsis 

and pneumonia have increased circulating levels of pro-inflammatory cytokines 

following discharge.110 186 195 Similar inflammatory markers have been associated 

with occurrence of long-term adverse cardiovascular events, and critical illness 

in general is thought to induce immunometabolic changes associated with 

atherosclerotic disease.107 196 197 Indeed, some literature included in this scoping 

review also identified an increased risk of cardiovascular events in survivors of 

critical illness with ‘non-sepsis’ aetiologies.8 Further prospective research is 

required to understand this intersection between acute illness and chronic 

cardiovascular disease. As well as understanding how this risk is mediated in 
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conditions such as sepsis, it is also important to consider whether it might occur 

as long-term sequelae of critical illness in general. 

There are a number of proposed mechanisms by which cardiovascular disease 

following critical illness may occur, including altered homeostatic reflexes; 

alterations in immune signalling and lipid metabolism; and cellular level changes 

that all predispose to chronic cardiovascular disease.107 Previously, there has 

been burgeoning interest in the role inflammation may play in chronic heart 

failure and atherosclerotic disease and there have been exciting novel 

developments.198 199 For example, the CANTOS trial demonstrated that 

administration of anti-IL-1β antibodies to patients post-myocardial infarction 

and treated in accordance with current guidelines were at reduced risk of 

adverse cardiovascular events.111 A subsequent subgroup analysis identified a 

significant reduction in hospitalisation or mortality from heart failure in patients 

who achieved low hs-CRP on treatment.200 Whilst this offers promise of novel, 

targeted treatments for heart failure, it too offers an insight into mechanisms by 

which persisting inflammation following sepsis may mediate cardiovascular 

dysfunction and contribute to functional impairment. 

2.4.1 Strengths and limitations 

Strengths of this scoping review include the development of a robust search 

strategy developed in partnership with a librarian with extensive experience in 

the conduct of systematic review. Furthermore, it rigorously adheres to JBI 

guidelines and PRISMA-ScR standards.164 The pilot phase of the search strategy 

ensured it was sensitive to collecting key papers that had previously been 

identified as highly relevant. Over 11,000 articles were screened by at least two 

independent reviewers who subsequently undertook detailed full text review of 

potential articles for inclusion. There was a deliberate focus on cardiovascular 

outcomes following an episode of sepsis and as such, there was an emphasis on 

the impact of cardiovascular disease on sepsis survivorship.   

However, there are limitations. The focus was primarily on identifying literature 

pertaining to chronic cardiac dysfunction in the period following an episode of 

sepsis. As such, other outcomes such as acute stroke or venous thromboembolic 

events were not included. Whilst these conditions have similar aetiologies, the 
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assessment and long-term management of these conditions is different to that of 

heart failure and other cardiovascular diseases. Consequently, they were 

excluded from the review. Similarly, the review focuses on sepsis as a whole 

entity rather than discrete infection syndromes (e.g. pneumonia, urinary tract 

infection or cellulitis). Doing so would have led to an elaborate and inelegant 

search strategy that covered a wide range of infections of low severity that were 

not relevant to the outcomes of interest. Similarly, in articles where patients 

with other critical illness syndromes were included, the review was unable to 

differentiate between literature around cardiovascular dysfunction following 

sepsis vs critical illness as a whole, beyond exclusion of articles where <50% of 

patients had sepsis.  

Lastly, the review did not include non-English articles in results. Whilst the 

strategy identified some articles that were published in more than one language, 

it is possible more articles may have been identified on the topic by inclusion of 

other languages. However, attempting to include these articles would have 

likely introduced errors in translation and consequently may have confounded 

the data set. 

2.5 Conclusion 

Whilst there is an evolving body of literature examining cardiovascular 

dysfunction following sepsis, there is still a lack of data examining underlying 

mechanisms by which this occurs and how it might translate to chronic 

cardiovascular disease and functional impairment. The strategy by which at-risk 

patient groups are identified and how chronic cardiovascular disease should be 

optimally managed on discharge is unclear. Further prospective studies are 

required to explore the underlying mechanisms and understand how future 

research and clinical interventions may mitigate increased cardiovascular risk, 

with the aim of improving the recovery trajectory of sepsis survivors. 

The research presented in the following chapters pertains to a prospective, 

observational cohort study combining cardiac imaging, biomarkers and patient 

reported functional outcomes with the aim of elaborating on some of the 

questions raised by this scoping review.  



Chapter 3 Methods 

The work in the following chapter has been published in CHEST Critical Care in 

2024, and is cited using the following reference: 

Garrity K, Docherty C, Mangion K, Woodward R, Shaw M, Roditi G, Shelley B, 

Quasim T, McCall P, McPeake J. Characterizing Cardiac Function in ICU Survivors 

of Sepsis: A Pilot Study Protocol. CHEST Crit Care. 2024 Mar;2(1):100050. 

This work was published using a creative commons CC BY 4.0 licence, which 

permits unrestricted use, distribution and reproduction in any medium, provided 

the original work is properly cited. The original manuscript was drafted in full by 

the author of this thesis and has been amended for its inclusion. Dr Docherty, a 

clinical research fellow at University of Glasgow contributed to the design of the 

wider biomarker study and within which the following work is embedded. 

Recruitment and delivery of follow-up visits was done jointly by the author and 

Dr C Docherty. Prof J McPeake and Dr P McCall are supervisors for the following 

body of work and contributed revisions to the chapter.   

3.1 Introduction 

This chapter outlines the protocol which forms the basis of the subsequent 

results presented in this thesis (Chapters 4-7) which were undertaken on the 

same population of patients. 

3.2 Ethical approval 

The study was approved by an NHS Research and Ethics Committee (South-West 

Central Bristol), Reference: 22/SW/0082, Approval date - 7th July 2022. 

3.3 Rationale for study 

Sepsis is one of the most common reasons for intensive care unit (ICU) admission 

and mortality worldwide.64 65 The impact of critical care admission is profound, 

and has been widely associated with a combination of physical, psychological or 

cognitive sequelae often termed, post-intensive care syndrome (PICS).2 Despite 

increasing recognition of the profound impact of PICS on survivors, the 
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mechanisms that underly the associated impairments following critical illness 

are less clear.96 Understanding mechanisms by which chronic impairments are 

acquired during convalescence is likely key to understanding how we can best 

improve care for survivors.  

The adverse cardiovascular risk associated with sepsis has gained attention in 

recent years.107 One recent meta-analysis demonstrated an association with 

sepsis and adverse cardiovascular outcomes in a magnitude compared to other 

cardiovascular risk factors such as hypertension or dyslipidaemia.105 The scoping 

review in the previous chapter demonstrates there are many gaps in our 

understanding of cardiovascular dysfunction following sepsis. The hypothesis 

that adverse events such as myocardial infarction, acute decompensated heart 

failure or stroke might be mediated by ongoing inflammatory and 

immunometabolic changes following sepsis is intriguing and allows for 

consideration of sepsis as a non-traditional cardiovascular risk factor.107 

The implications for survivorship are significant. Many survivors of critical illness 

- including sepsis - experience symptoms such as breathlessness and fatigue.43 201 

However, the extent to which cardiac dysfunction plays a role in these symptoms 

or the other functional impairments is unknown. Given the association of 

adverse cardiovascular events such as myocardial infarction or heart failure, it is 

plausible that survivors of sepsis may be at accelerated risk of chronic 

cardiovascular disease. There are several mechanisms described in the literature 

which may be associated with increased risk of cardiovascular disease and 

functional impairment following critical illness including myocardial injury 

during admission, deprescription of medications that may play a role in 

prevention of adverse cardiovascular outcomes and persistent inflammation and 

neurohormonal changes following sepsis that can increase propensity to adverse  

cardiovascular events.107 184  

To that end, the study in this thesis sought to characterise cardiovascular 

function in ICU survivors of sepsis, exploring the associations between objective 

measures of cardiovascular function, injury, inflammation and patient-reported 

functional outcome measures (PROMs). 
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3.4 Research question 

What is the prevalence of myocardial dysfunction following ICU admission with 

sepsis and to what extent might it be associated with physical impairments in 

PICS? 

3.5 Study design  

3.5.1 Objectives 

The study was exploratory in nature and sought to combine cardiovascular 

magnetic resonance (CMR) imaging, biomarkers of cardiac injury or dysfunction, 

and PROMs.    

The study aims were to: 

• Understand feasibility of CMR imaging in this complex, heterogeneous and 

often frail cohort of patients.  

• Describe prevalence of left and right ventricular (LV and RV) dysfunction 

and explore causative mechanisms (inflammation, scar, thrombus).  

• Investigate biochemical changes associated with cardiac dysfunction and 

cardiac injury and their comparison to the general population. 

• Describe the inflammatory profile of ICU survivors of sepsis 6-10 weeks 

following hospital discharge. 

• Explore the relationship between functional impairment, detailed 

imaging, and cardiac biomarkers. 

3.5.2 Study structure and timeline 

The study was multimodal, incorporating CMR imaging, biomarker analysis and 

PROMs. It was embedded in a wider 69 patient biomarker study examining 

multiple long-term outcomes (including pain and inflammation) in ICU survivors 

of sepsis (Figure 3-1). Patients were recruited between August 2022 and August 

2024.  
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Initially, these two projects were conceptualised as one cohort study with 

identical recruitment criteria, but investigating different outcomes. However, 

due to concerns regarding the inability to recruit otherwise eligible patients 

because of contraindications to CMR or prior cardiovascular disease, the CMR 

study was later embedded within the wider biomarker study with ethical 

approval granted for this in February 2023. 

 

Figure 3-1 Structure of CONDUCT-ICU 

 

The wider biomarker study aimed to investigate mechanisms of other long-term 

physical impairments (including inflammation and pain) following ICU admission 

with sepsis. Patients who met inclusion criteria for the wider biomarker study 

were also screened for inclusion in the embedded CMR study (additional criteria 

in italics below). Patients continued to be recruited to the embedded CMR study 

(if eligible), until 35 patients underwent follow-up imaging or if recruitment to 

the wider biomarker study was complete (69 patients) (Figure 3-2). 
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Figure 3-2 Recruitment structure in CONDUCT-ICU 

  

3.5.3 Setting 

The study was undertaken across two general ICUs, situated in the West of 

Scotland, covering a mix of medical and surgical patients. Imaging and follow-up 

was performed in a regional centre of excellence. 

3.5.4 Population 

Patients were recruited from the general ICU population. The study intentionally 

focused on the convalescent phase of critical illness, recruiting participants at 

the point from which they were transitioning towards recovery. 

The patients presented in the following chapters are those that were eligible for 

participation in the CMR cohort of the study (Figure 3-1). Eligibility criteria for 

the CMR study are outlined below.  

Screening for inclusion criteria 

Screening for CMR and Biomarker 
limb exclusion criteria 

Screening for Biomarker only 
limb exclusion criteria 

All criteria met Criteria not met Not eligible for recruitment 

All criteria met / 
CMR limb open 

Criteria not met / 
CMR limb closed 

Criteria not met All criteria met 

Eligible for recruitment to CMR 
and biomarker study limb 

Eligible for recruitment to 
Biomarker only study limb 

Not eligible for 
recruitment 
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3.5.5 Eligibility criteria 

• Provision of informed consent 

• Age ≥ 18 years 

• ICU admission with sepsis (According to The Third International 

Consensus Definitions for Sepsis and Septic Shock [Sepsis-3])1 

• Ability to comply with study procedures 

3.5.6 Exclusion criteria 

• Inability to give informed consent 

• Ongoing participation in any investigational research that may 

undermine the scientific basis of the study 

• Receipt of immune modulating drugs or biologic therapy either long 

term or during acute admission 

• Patient considered by the clinical team to be very unlikely to survive 

to hospital discharge 

• Hospital admission because of Covid-19 

• Patients undergoing treatment for malignancy with systemic anti-

cancer therapies 

• Pregnancy 

• Patients who are prisoners at time they would be otherwise eligible 

• Exclusions to CMR study: 

o Contraindications to cardiovascular magnetic resonance imaging 

o Known coronary artery disease prior to ICU admission 

o Previous myocardial infarction prior to ICU admission 

o Known chronic heart failure prior to ICU admission 
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3.5.7 Screening 

Patients were screened over the course of a two-year period between August 

2022 and August 2024. Reasons for eligibility or ineligibility were prospectively 

recorded to help evaluate the feasibility of the study protocol. 

3.5.8 Recruitment 

Patients who were identified as being ready for discharge from intensive care by 

their local clinical care team were considered as eligible for screening.  If 

eligibility criteria were met, patients were approached by recruiters.   

Patients eligible for the CMR study were invited back for CMR imaging at 6-10 

weeks following hospital discharge. In addition, cardiac and inflammatory 

biomarkers were collected in all patients in addition to a number of patient 

reported functional outcome measures (PROMs).  

Patients were also consented for longer term follow-up and storage of biological 

samples for future analysis, pending further ethical approval. 

3.5.9 Diagnosis of sepsis 

Sepsis was defined using internationally recognised ‘Sepsis 3’ definitions i.e. life-

threatening organ dysfunction caused by a dysregulated host response to 

infection. Organ dysfunction is defined by a change in SOFA score ≥ 2 from 

baseline (where patients with no pre-existing organ dysfunction can be assumed 

to have a SOFA score of 0).65 

3.5.10 Primary outcome and justification 

A summary of outcomes assessed is depicted in Figure 3-3. The primary outcome 

for the study was prevalence of reduced left ventricular ejection fraction (LVEF) 

in the sample population at 6-10 weeks following hospital discharge. Reduced 

LVEF was considered <51% for women and <47% for men, aligned with a local 

control population and within parameters advocated by the European Association 

for Cardiovascular Imaging (EACVI).202 203 
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LVEF is fundamental to the assessment of cardiac function and is widely used in 

the heart failure population. Along with its inclusion in international guidelines, 

there is a well-established evidence base for treatment of heart failure, based 

upon ejection fraction phenotype e.g. heart failure with reduced ejection 

fraction (HFrEF) or preserved ejection fraction (HFpEF).125 Thus, reduced left 

ventricular ejection fraction represents not only an objective and reproducible 

measure of cardiac function, but also a clinically meaningful endpoint for 

patients which is aligned with a vast evidence base for disease modifying 

treatments.125 150 

Utilisation of gold-standard imaging techniques such as CMR in combination with 

biomarker analysis is novel in this population and provides objective findings in 

relation to myocardial inflammation and cardiac function which can be 

compared to other populations such as healthy controls or other vulnerable 

patient groups. Similar studies utilising CMR and biomarker analysis had been 

successfully delivered in the author’s institution in other populations of patient 

including; covid-19, post lung resection surgery and post-myocardial 

infarction.152 204 205 As such it was felt to be a feasible, accurate and reproducible 

method of measuring the primary outcome. 

Given sepsis is associated with an increased incidence of heart failure following 

admission, CMR represents an important technique for advancing understanding 

and providing clinically important data that can be referenced and compared 

with key reference range data such as that published from UK biobank data.138 

206 

3.5.11 Secondary outcomes 

3.5.11.1 Cardiac magnetic resonance imaging 

CMR is a gold-standard method for assessing indices of cardiac function and a 

reference diagnostic method for assessing myocardial injury, including 

myocarditis and cardiomyopathy, with superior accuracy and precision when 

compared with echocardiography.207 208   

CMR imaging was conducted at a local centre of excellence using a 3 Tesla 

scanner by Health and Care Professions Council accredited radiographers, 6-10 
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weeks following discharge. Indices of cardiovascular function were reported by a 

radiologist accredited in CMR reporting. Images were evaluated to calculate 

dimensions of cardiovascular structures and evaluate indices of function 

including: Left ventricular end-diastolic volume (LVEDV), left ventricular end-

systolic volume (LVESV), LV Stroke Volume (LVSV), LV Mass, LV Ejection Fraction 

(LVEF), Cardiac Output; Right ventricular end-diastolic volume (RVEDV), right-

ventricular end-systolic volume (RVESV) and Right Ventricular Ejection Fraction 

(RVEF). With the exception of LVEF and RVEF, these values can be indexed 

against body surface-area (BSA) to give standardised-indexed values.   

The 6-10 week timepoint coincides with the point at which participating sites 

routinely follow-up critical illness survivors and as such the point at which we 

would normally evaluate and address ongoing comorbidity following critical care 

admission.209 210 Whilst it is possible to detect myocardial inflammation earlier 

than this in other patient cohorts, there was a wish to minimise burden on 

patients in terms of follow-up at multiple appointments and ensure 

identification of findings at a time point where they are likely to have 

meaningful implications for patient recovery. 

Sepsis-induced cardiomyopathy may occur in 10-70% of patients admitted with 

sepsis and has traditionally thought to have been reversible, with subsequent 

recovery of LV function.162 However, to date there are few data to suggest this is 

the case, and we now know that sepsis is associated with an adverse risk of 

heart failure admission or myocardial infarction that persists long after index 

admission.105 In other settings such as post LV assist device insertion, persistent 

molecular abnormalities persist even after cardiac function has improved.211 

Utilising gold-standard imaging provides a clear indication of the trajectory of 

cardiovascular function following intensive care admission.  

In addition to determination of new or persisting myocardial dysfunction, CMR 

can be utilised to evaluate for evidence of myocarditis or new incidental 

pathology. Furthermore, there is scope for identification of any incidental or 

unexpected pathology (e.g. pulmonary arterial thrombus or incidental tumour). 

CMR imaging also offers the ability to undertake parametric mapping. These 

techniques, including T1 and T2 mapping; LGE enhancement; and the calculation 
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of extra-cellular volume (ECV) through measurement of T1 values post-contrast 

can be used to identify areas of subtle fibrosis and oedema for which abnormal 

values have been identified in other populations.140 141 

Native T1 mapping measures the longitudinal spin-lattice relaxation time and is 

described in more detail, along with associated techniques in Chapter 5.2.2. The 

main biological determinants of increased native T1 are oedema (e.g. acute 

infarction or inflammation) and increased interstitial space (e.g. fibrosis or 

amyloid deposition).141 The use of gadolinium-based contrast, along with 

haematocrit allows the calculation of the ECV, a more robust measure of 

myocardial fibrosis with better reproducibility.212 

T2 mapping refers to measurement of the loss of transverse magnetisation 

following application of a radiofrequency pulse and has long been associated 

with myocardial oedema.213 Similar to T1, T2 values can be rendered onto 

pixellated maps of myocardial tissue, indicating areas of oedema. T2 values are 

significantly prolonged in a variety of pathologies and can help in evaluating 

cardiac disease such as acute coronary syndromes, myocarditis, transplant 

rejection and dilated cardiomyopathy.214 

T1, T2, ECV values were determined by the author following initial scan reports. 

An initial sample of 10 scans were dual reported by a cardiologist accredited in 

parametric mapping techniques and intra-class correlation coefficients were 

calculated to ensure inter-rater reliability, prior to further assessment of the 

CMR imaging dataset. 

In combination, these T1 and T2 criteria (or derived parameters) can be used to 

accurately diagnose myocardial inflammation and are supported in expert 

consensus guidelines by means of criteria such as the modified Lake-Louise 

criteria.140 As such, this thesis will utilise native T1, native T2 and ECV to 

compare values in ICU survivors of sepsis to population reference ranges to 

evaluate for evidence of myocardial fibrosis, oedema and inflammation.  
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3.5.11.2 Echocardiography 

Echocardiography findings during index admission were recorded in patients who 

participated in the CMR study. Many patients with sepsis and septic shock will 

undergo echocardiography in ICU, for assessment and refinement of diagnoses or 

to tailor supportive therapies.215 Echocardiography involves use of non-invasive 

ultrasound imaging to acquire measurements of heart structure and function. It 

is commonly undertaken in a ‘focused’ manner by clinicians in ICU in and these 

images can be analysed retrospectively and correlated with other clinically 

meaningful endpoints. Acute LVSD was defined as LVSD identified and reported 

by an accredited echocardiographer during the patients ICU stay.215 216  

3.5.11.3 Biomarker analysis 

All biomarkers were collected at recruitment (approximating to the time of ICU 

discharge) and at follow-up (6-10 weeks following hospital discharge). Samples 

were transferred on day of collection to an NHS Greater Glasgow and Clyde 

Biorepository where they were processed by laboratory staff and kept in freezer 

storage at -80°C for later analysis. 

Samples were later batch analysed at the Glasgow Biomarker Research Unit 

(GlasBRU) and returned to storage in the biorepository. A summary of biomarkers 

utilised in the study is displayed below (Table 3-1). 

All biomarkers were compared with published general population reference 

ranges, or to reference ranges for normal endogenous values provided by test 

manufacturers. This is aligned with local clinical practice and laboratory 

reference ranges in the West of Scotland. 

3.5.11.4 Cardiovascular, renal and inflammatory biomarkers 

 
Long-established and novel markers of cardiovascular function were collected 

including: N-terminal pro-B-type natriuretic peptide (NT-proBNP), high-

sensitivity Troponin-T (hs-TnT), Ca-125 and Mid Regional Pro-Adrenomedullin 

(MR-proADM). In addition, biomarkers of renal dysfunction commonly associated 

with major adverse cardiovascular events such as Cystatin-C were collected.217 



95 

NT-proBNP is a sensitive biomarker of myocardial dysfunction, released due to 

increased myocardial wall stress and is recommended in national and 

international guidelines for assessment and diagnosis of heart failure.125 150 In a 

critical care setting, NT-pro-BNP values during ICU stay have been identified as 

predictive of mortality following discharge from ICU.151   

Hs-TnT is a biomarker of cardiomyocyte injury most frequently used in the 

diagnosis of myocardial infarction.143 144 Troponin values are associated with 

mortality in ICU settings and with other markers of disease severity including 

acute physiology scoring systems such as the acute physiology and chronic health 

evaluation (APACHE) II score.114 145 146 It has been shown to be associated with 

other objective markers of cardiac dysfunction such as need for vasoactive drugs 

and wall motion abnormalities on echocardiography.147 High-sensitivity troponin 

has also been associated with an increased risk of adverse cardiovascular events 

in a community setting.148 

MR-proADM is a biomarker of endothelial dysfunction which has been associated 

with poor prognosis in both sepsis and heart failure.218 219 Ca-125 is a membrane 

associated glycoprotein, which is most commonly known as a biomarker of 

ovarian and other cancers.153 However, more recently CA-125 has been 

investigated as a novel marker of heart failure 154 and has been shown to be 

associated with clinical outcomes including mortality and hospital admission.155 

Similarly, Cystatin-C, a biomarker traditionally associated with renal dysfunction 

156, has also shown promise as a biomarker for cardiac dysfunction, especially 

when used in combination with NT-proBNP.157 Cystatin-C has been shown to be a 

predictor of mortality and cardiac events in patients with heart failure.158 159     

3.5.11.5 Inflammatory biomarkers 

In addition to biomarkers of myocardial injury and dysfunction, biomarkers of 

inflammation on ICU discharge were collected at 6-10 weeks following hospital 

discharge.  These biomarkers: (hs-CRP, procalcitonin, IL-1β, IL-6, IL-8, and IL-10  

and TNF-α) have been associated with adverse cardiovascular events and were 

collected with a view to exploring mechanistic underpinnings of observed 

cardiovascular outcome measures.220 221 
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Table 3-1 Biomarkers used to explore association between cardiovascular function, 
inflammation and patient reported outcomes following sepsis. 

Biomarker Rationale 

NT-proBNP Biomarker of ventricular wall/myocardial stretch and widely 

utilised in diagnosis and prognostication of heart failure.222 

hs-TnT Sensitive biomarker of myocardial injury and utilised 

internationally in definitions and diagnosis of myocardial 

infarction.223 

Cystatin-C Biomarker of renal dysfunction, produced by multiple tissue 

sites in humans and better predicts risk of future 

cardiovascular events than creatinine alone.224 

Creatinine Biomarker of renal function, use of which is featured widely 

in international guidelines in diagnosis and management of 

acute and chronic kidney disease.225 

hs-CRP Acute phase inflammatory protein used to diagnose and 

monitor acute inflammation. Has been associated with 

adverse cardiovascular events in the general population.226 

IL-1β Pro-inflammatory cytokine that triggers local inflammation 

and leukocyte production as part of the NLRP3 

inflammasome pathway. Has been implicated in 

pathogenesis of atherosclerosis and plaque instability.227 

IL-6 Pro-inflammatory cytokine promoting accelerated 

atherosclerosis and plaque formation. Stimulated by other 

cytokines such as IL-1β. Successfully targeted in other 

critical illness syndromes.228 

IL-10 Anti-inflammatory cytokine that is thought to be involved in  

suppression of inflammation, reducing myocardial fibrosis 

remodelling following myocardial infarction. However has 

been positively associated with risk of CVD.229 

TNF-α Acute phase inflammatory protein, contributing to 

myocardial remodelling atherosclerosis and vascular 

dysfunction. Blockade has not been successful in reducing 

risk of chronic heart failure.113 230 

MR-proADM Biomarker of endothelial dysfunction and associated with 

adverse outcomes in both heart failure and sepsis.231 
Abbreviations: Hs CRP=High sessitivity C reactive protein, hs-TnT=high sensitivity troponin T, IL-

1β=Interleukin-1β, IL-6=Interleukin 6, IL-10=Interleukin 10, MR-proADM=Mid-regional pro-adrenomedullin, 

NT-proBNP=N-Terminal Brain Natriuretic Peptide, TNF-α=Tumour necrosis factor-α 

 

3.5.11.6 Patient reported outcome measures (PROMs) 

Patient reported outcome measures (PROMs) and their association with findings 

on cardiac imaging and biomarkers were explored. These included established 

PROMs utilised in assessment of functional capacity and breathlessness: Duke 
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Activity Status Index (DASI), Medical Research Council (MRC) Dyspnoea Scale and 

EuroQol 5-Dimension 5-Level (EQ-5D-5L).22-26 To assess outcomes pertaining to 

fatigue, the vitality domain of SF-36 health questionnaire was collected.232 233  

3.5.11.7 Feasibility 

The feasibility of CMR scanning in this population is of significance to further 

studies in the ICU survivor population. To the author’s knowledge, this is the 

first prospective cardiac imaging study undertaken prospectively in this 

population in combination with PROMs and biomarker analysis. 

A screening log, rates of recruitment and follow-up attendance was collected to 

evaluate feasibility of the protocol.  

 

Figure 3-3 Summary of outcomes recorded in the study at the point of ICU discharge and 
follow-up (6-10 weeks post-hospital discharge).234 

 

3.5.12 Study management 

This study was conducted in line with the current Guidelines for Good Clinical 

Practice in Clinical Trials and STROBE guidelines.235  
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3.6 Statistical approach 

3.6.1 Statistical considerations  

3.6.1.1 Sample size 

Given the exploratory nature of this study and paucity of data available for CMR 

outcomes in a post-critical illness population, it was difficult to undertake an 

accurate power calculation for prevalence of LV dysfunction.  

There is a wide-ranging estimated prevalence of LV dysfunction (10-63%) in 

patients with sepsis in ICU.189 236 Taking a conservatively estimated 12% 

prevalence of LV dysfunction following ICU, and ensuring 80% power and a 

significance of 0.05, then 35 patients would be required to determine a 

statistically significant difference in comparison to population prevalence of left 

ventricular systolic dysfunction, estimated at 2.2%.237 

3.6.2 Data analysis 

The data in this thesis are presented as median (Q1, Q3) or mean (sd) depending 

on whether variables conform to non-parametric or normal distributions. 

Comparisons are assessed using students-t test or Wilcoxon rank sum test for 

continuous variables depending on whether they are normally distributed. Chi 

squared or Fisher’s exact tests are used to test comparisons of categorical 

variables. 

To help visualise biomarker data, all biomarkers have been plotted using violin 

plots. These plots display key statistics such as median values and interquartile 

range (IQR), however also indicate the cumulative density of observed values so 

as to appreciate the distribution of observed data. The anatomy of a violin plot 

is described in Appendix 6. 

To explore relationships between variables, linear and logistic regression models 

were constructed to explore the associations between dependent outcome 

variables and predictor variables. In this thesis, the outcome variables 

considered were those thought to be of clinical importance in assessment and 

management of heart failure (e.g. LVSD or LVEF assessed by CMR), biomarkers of 
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cardiovascular dysfunction (e.g. NT-proBNP) or patient reported outcome 

measures (e.g. DASI). Predictor variables include key patient demographics, 

features related to illness severity, or biomarkers of cardiovascular dysfunction 

and inflammation. 

3.6.2.1 Linear regression modelling 

For continuous outcome variables, linear regression models are used. Linear 

regression models are built by generating a line of ‘best fit’ which predicts an 

outcome variable by a desired predictor variable. The line of best fit is defined 

by the equation: 

𝑦 =  𝛽0 + 𝛽1𝑥 + 𝑒 

Where ‘y’ denotes the outcome variable, β0 denotes the value of ‘y’ when ‘x’ is 

0 and ‘β1’ denotes the slope of the linear regression line, such that the equation 

can be interpreted as ‘for every unit increase in x, we would expect y to 

increase or decrease by a multiple of β1’. The term ‘e’ denotes the ‘error’ and is 

described below. The linear regression line is determined by using the ‘sum of 

least squares’ method, where the sum of vertical distances between measured 

data points (‘residuals’) and the regression line is at a minimum Figure 3-4. 

 

Figure 3-4 Linear regression line and associated residuals 

The regression line is determined by that created when the sum of squared value of the 
residuals is at a minimum. Reprinted with permission from John Wiley and Sons.238 
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There are two assumptions underpinning linear regression. Firstly, there is an 

underlying assumption that outcome and predictor variables are normally 

distributed. The second is that the magnitude of spread around the residual line 

is evenly distributed across the length of the regression line. This is often 

denoted by the ‘error’, which is assumed to be normally distributed with a mean 

of ‘0’ and standard deviations around the regression line. 

As such, in constructing linear regression models in this thesis, effort has been 

taken to ensure that variables of importance have been assessed for normality of 

distribution so as to ensure model integrity. Normality has been assessed with 

‘goodness of fit’ tests including Kolmogorov-Smirnov (KS), Anderson-Darling (AD) 

and Cramer-von Mises (CVM) tests. If variables were non-normally distributed 

then they were log transformed and reassessed. 

Following model construction, underlying assumptions have been checked by 

assessing for normality of residuals using KS, AD and CM tests against residual 

values. Additionally, models were further tested using simulated data. Simulated 

data have been generated from each datapoint the using the constructed 

models, with each observed value from the original dataset mapped to the 

cumulative density function of the simulated values. From the simulated data, 

QQ plots can be generated to assess for normality of the observed and simulated 

residuals. Observed values can also be standardised against simulated data using 

their cumulative density function, such that if all of the simulated datapoints 

are above that of the observation observed, its ‘scaled’ residual has a value of 

0.239 If all of the simulated residuals are lower than the observed value, this 

generates a value of 1. If the observed residual has half greater and half lower, 

it has a value of 0.5. Scaled residuals can then be plotted in a standardised 

fashion in comparison to ranked model predictions. If the model is predictive 

across its range, the scaled residuals will deviate in a uniform manner, with 

homoscedasticity of the scaled residuals indicating that the model assumptions 

are met across the range of observed values (Figure 3-5). This method is 

undertaken using the DHARMa package in ‘R’ version 4.4.3 as described by 

Hartig.239 
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Figure 3-5 Simulated model residuals plotted against scaled (DHARMa) residuals  

There is homoscedasticity of observed (scaled) residuals when plotted against ranked 

model predictions. Across all simulated values ranked, the scaled residuals from observed 
data are evenly spread, with no quantile deviation indicating the above the assumptions of 
the model are met. 

3.6.2.2 Logistic regression modelling 

Associations with categorical outcomes (e.g. LVSD) are explored in this thesis 

through use of logistic regression modelling. Logistic regression modelling deals 

with the odds of occurrence of a binary dependent variable based on exposure to 

a predictor variable. Whilst the relationship between outcome and predictor 

variables do not need to be linear, the relationship between predictor variables 

and the ‘log odds’ of the outcome should be broadly linear. 

Two-sided p values set at <0.05 were used in this thesis to determine statistical 

significance. All analyses were conducted in ‘R’ version 4.4.3 (http://www.r-

project.org) by the author of this thesis, with support from an experienced 

statistician. 

3.7 Discussion 

The study presented in this thesis is a prospective, observational, multi-site 

imaging and biomarker cohort study of ICU survivors of sepsis with the aim of 

characterising cardiovascular function and functional impairments following 

admission with sepsis. The approach is novel in this population, allowing 

http://www.r-project.org/
http://www.r-project.org/
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exploration of potential mechanisms that mediate adverse cardiovascular events 

associated with sepsis admission. The study aimed to provide objective 

measurements of cardiac function, myocardial inflammation, oedema and scar 

and explore associations with cardiac and inflammatory biomarkers in addition 

to patient reported outcome measures.  

Critical illness such as sepsis are associated with chronic immune activation and 

immunometabolic changes similar to those seen in chronic cardiovascular 

disease.107 These inflammatory and metabolic changes may result in 

atherosclerosis or cardiac remodelling that may ultimately predispose to chronic 

cardiovascular disease such as hypertension, ischaemic heart disease or heart 

failure. ICU survivors represent a huge population of patients at potential risk of 

chronic cardiovascular disease. The work in this thesis aimed to prospectively 

collate evidence to support or refute proposed clinical mechanisms and identify 

a group at patients who may be responsive to established therapeutics.  

The study aimed to recruit a deliberately heterogenous cohort of patients in 

terms of comorbidity, admission diagnosis and hospital trajectory. In doing so, it 

was designed to minimise selection bias and ensure the findings are as 

generalisable as possible. As such, the screening, recruitment and follow-up data 

is imperative to evaluation of the protocol described in this thesis. The study 

provides key data regarding attrition rates, sample size and feasibility of 

outpatient investigations in this population. Incorporating a CMR imaging study 

into a wider cohort of patients undergoing biomarker analysis was done in part 

to minimise the impact of attrition from the imaging arm of the study. 

There are limitations to the study. Whilst the methodology excludes patients 

with established coronary artery disease or heart failure, it is recognised there 

may be patients who may have had unrecognised cardiovascular disease at the 

point of recruitment, potentially confounding results. The methodology 

represents a pragmatic approach to recruiting this patient cohort, balancing 

exclusion of confounders against exposure to the burden of additional coronary 

imaging or invasive angiography during what is often a prolonged and 

complicated stay. Exclusion of patients unable to give consent may have resulted 

in selection bias, for example through exclusion of patients due to delirium 

which has not yet resolved. Inclusion of these patients via other means such as 
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proxy consent would have presented considerable logistical and ethical 

challenges on follow-up and as such, these patients were excluded from the 

study. 

The results described going forward give fundamental mechanistic insights into 

adverse cardiovascular outcomes following admission to ICU with sepsis. They 

may provide initial understanding in to the role cardiovascular dysfunction may 

play in post-intensive care functional impairment. Furthermore, they provide 

key operational and pilot data for larger studies investigating mechanisms of 

post-intensive care cardiac dysfunction and how it may be implicated in 

functional impairment in the recovery period.



104 

Chapter 4 Generic results 

4.1 Introduction 

The following chapter presents patient demographics, illness characteristics and 

data pertaining to hospital stay for participants in the study. It will describe the 

cohort at the point of recruitment to the study (approximating to discharge from 

ICU), and at 6-10 weeks post-hospital discharge before considering differences 

between those who attended follow-up and those who did not. Subsequently, it 

will present a brief comparison of the cohort relative to other large 

observational studies describing characteristics of patients admitted to hospital 

with sepsis in similar healthcare settings. Finally, it will consider underlying 

reasons for changes in the cohort from recruitment to follow-up 6-10 weeks post 

hospital discharge. 

4.2 Recruitment and follow-up 

Recruitment took place between August 2022 and August 2024. In total 192 

patients were screened with 89 participants eligible to participate and 69 

ultimately recruited to the wider biomarker study within which the CMR imaging 

study was embedded (Figure 4-1).  

Due to initial study eligibility criteria, 4 patients were excluded from 

participation in any limb of the wider study cohort on account of known coronary 

artery disease, recent MI or contraindications to CMR. Subsequent changes to 

eligibility criteria (outlined in Chapter 3.5.2) allowed these participants with 

prior cardiac disease to be recruited to a wider study cohort focusing on chronic 

pain and inflammation. These participants with prior heart failure or ischaemic 

heart disease did not undergo cardiac imaging. The group of participants with 

prior heart failure, ischaemic heart disease or CMR contraindications is referred 

to as the ‘biomarker only’ cohort is not dealt with in subsequent chapters in this 

thesis.  

Of the 69 patients recruited, 19 had prior cardiac disease or contraindications to 

cardiac magnetic resonance (CMR) imaging and as such were recruited to the 

biomarker only limb of the study. 
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50 patients were recruited for CMR follow-up. Of these patients, 2 patients died 

prior to the follow-up visit and 2 became ineligible during the follow-up period 

(one patient diagnosed with malignancy requiring urgent systemic anti-cancer 

therapy, one patient was still in hospital following closure of the study). 12 

patients withdrew from the study of their own accord. Consequently, there were 

34 patients in total who underwent CMR follow-up, representing a study 

retention rate of 68%. All patients who attended CMR scanning tolerated the 

scan without issue, with the exception of 1 participant who experienced some 

pain adjacent to an old scar site. Despite appropriate MRI safety checks, it was 

felt in the participant’s best interests to stop scanning after only basic CMR 

sequences were acquired.   

As outlined previously, details in the following chapters will pertain to 

participants that were recruited to the CMR limb of the study (n=50). 

Participants who were able to undergo CMR follow up will be termed ‘CMR’ 

participants. Those who did not undergo follow-up due to withdrawal from the 

study for any reason will be termed the ‘No CMR’ participants. 

4.3 Participant demographics 

Table 4-1 displays overall characteristics of the recruited study cohort. Of the 50 

patients recruited to the CMR limb of the study, the median age was 58 (50, 68) 

and 21/50 (42%) were female. 10/50 (20%) of participants had a clinical frailty 

scale (CFS) ≥5 prior to admission, and the median Charlson comorbidity index 

(CCI) was 2 (1, 3). 50% of participants had a postcode that corresponded to an 

area of the lowest quintile of the Scottish Multiple Index of Deprivation (SIMD). 

3/50 (6%) participants were of Asian ethnicity, with the remaining participants 

47/50 (94%) of white ethnicity. In terms of cardiovascular risk factors, 16/50 

(32%) of participants had hypertension and 8/50 (16%) had diabetes mellitus. 

11/50 (22%) of participants were active smokers. 

In terms of factors related to sepsis admission and severity of disease, the 

median SOFA and APACHE II scores on admission to ICU were 5 (2, 8) and 17 (11, 

21) respectively. In terms of sepsis source, 17/50 (34%) had lower respiratory 

tract infection, 12/50 (24%) hepatobiliary, 9/50 (18%) soft tissue and 8/50(16%), 
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urinary tract (16%), 2/50 (4%) bone/joint and 1/50 (2%) had central nervous 

system (CNS) sources of sepsis.  

 

Figure 4-1 Participant flowchart  

69 patients were recruited to the wider study within which the CMR study is embedded. Of 

these, 50 patients were eligible for CMR imaging and 34 patients went on to have CMR 
follow-up. 

Regarding organ support, 20/50 (40%)  participants required invasive mechanical 

ventilation, 36/50 (72%) required cardiovascular support and 10/50 (20%) 

underwent renal replacement therapy. 8/50 (16%) participants were identified 

as having left ventricular systolic dysfunction during their admission, and 2/50 
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(4%) had right ventricular dysfunction. Overall peak hs-TnT in ICU across the 

cohort had a median value of 56pg/mL (4, 281pg/mL). 

The median length-of-stay (LOS) in ICU was 6 (2, 14) days and the median 

hospital LOS was 16 (8, 29) days. 

Median NT-proBNP at time of recruitment (approximating to time of ICU 

discharge) was 1446 (306, 4115) pg/mL and hs-TnT was 19 (12, 57) pg/mL. 

Table 4-1 Overall characteristics of patients recruited for CMR follow-up 

Patient Characteristics N = 501 

Age 58 (50, 68) 

Sex (Female) 21 (42%) 

Clinical Frailty Scale 3 (2, 3) 

Clinical Frailty Scale >/= 5 10 (20%) 

SIMD Quintile   

  1 25 (50%) 

  2 9 (18%) 

  3 5 (10%) 

  4 5 (10%) 

  5 6 (12%) 

Ethnicity  

  Asian 3 (6%) 

  White 47 (94%) 

BMI 29 (25, 33) 

Charlson Comorbidity Index 2 (1, 3) 

Hypertension 16 (32%) 

Diabetes 8 (16%) 

CKD 1 (2.3%) 

Previous Stroke 0 (NA%) 

Alcohol Excess 5 (10%) 

Previous Arrhythmia 3 (6%) 

COPD 2 (4%) 

Smoking History 11 (22%) 
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Illness Characteristics 

APACHE II Score 17 (11, 21) 

SOFA Score 5 (2, 8) 

Source of Sepsis  

   Bone/Joint 2 (4.0%) 

   Central Nervous System 1 (2.0%) 

   Intrabdominal/Hepatobiliary 12 (24%) 

   Lower Respiratory Tract 17 (35%) 

   Skin/Soft Tissue 9 (18%) 

   Urinary 8 (16%) 

   Other 1 (2%) 

Required Invasive Mechanical 
Ventilation 

20 (40%) 

Duration of Mechanical 
Ventilation (days) 

8 (5, 15) 

Required Non-Invasive 
Ventilation / Nasal High-Flow 
Oxygen 

19 (38%) 

Duration of Non-Invasive 
Ventilation (days) 

1.25 (0.5, 4) 

Required Cardiovascular Support 36 (72%) 

Duration of Cardiovascular 
Support (days) 

1 (0, 4) 

Required renal replacement 
therapy 

10 (20%) 

Duration of renal replacement 
therapy (hrs) 

9 (3, 20) 

Cardiovascular dysfunction or injury during illness 

LVSD during admission 8 (16%) 

RVD during admission 2 (4.1%) 

ECG Changes in ICU 13 (27%) 

Maximum hs-TnT 56 (4, 281) 

Maximum CRP 339 (250, 446) 

Peak Lactate 1.75 (1.00, 3.10) 

ICU discharge characteristics 

ICU Length of Stay (days) 6 (2, 14) 

Hospital Length of Stay (days) 16 (8, 29) 

Discharge NT-proBNP (pg/mL) 1446 (306, 4115) 

Discharge hs-TnT (pg/mL) 19 (12, 57) 

Discharge hs-CRP (mg/L) 79 (18, 148) 
1Median (Q1, Q3); n (%). Abbreviations: APACHE II= Acute Physiology and Chronic Health Evaluation II, BMI=Body Mass 
Index, CKD=Chronic Kidney Disease, CRP=C reactive protein, COPD=Chronic Obstructive Pulmonary Disease, 
ECG=Electrocardiogram, hs-TnT= high sensitivity troponin T, ICU=Intensive care unit, LVSD=Left ventricular systolic 
dysfunction, NHFO=Nasal high flow oxygen NIV=Non-invasive ventilation, NT-proBNP=N type pro-B-type natriuretic 
peptide, RVD=Right ventricular dysfunction, SOFA=Sequential Organ Failure Assessment 
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4.4 Demographics of participants undergoing CMR 
follow-up 

Table 4-2 displays comparisons between patient demographics and illness 

characteristics of No CMR participants in comparison to CMR participants. Median 

time to follow-up CMR visit from hospital discharge was 51 days (47, 60).  

Comparing No CMR versus CMR participants, there were statistically significant 

differences. Median age was 67 vs 56, p = 0.036. There were significant 

differences in the proportion of participants who required non-invasive 

ventilation (NIV) or nasal high-flow oxygen (NHFO). 2/16(12.5%) No CMR 

participants required NIV/NHFO whilst in ICU vs  17/34 (50%) CMR participants (p 

= 0.011). However, there was also a significant difference in duration of 

NIV/NHFO with median durations of 11.2 vs 1.3 days (p=0.028) in the respective 

groups. Although not statistically significant, No CMR participants had longer 

durations of mechanical ventilation (10 vs 8 days, p=0.792), cardiovascular 

support (2 vs 1 day(s), p=0.550) and renal replacement therapy (16 vs 9 days, 

p=0.889).  

In the No CMR participants, 5/16 (32%) had a frailty score of CFS ≥5 in 

comparison to 5/34 (15%) CMR particpants, although this was not statistically 

significant (p = 0.256). There was no difference in comorbidity as measured by 

Charlson comorbidity index, with each cohort demonstrating a median of 2 (p = 

0.229). There were no significant differences demonstrated in proportion of 

cardiovascular comorbidities such as hypertension (7/16 (44%) vs 9/34 (25%), p = 

0.222), diabetes (2/16 (13%) vs 6/34 (18%), p>0.999) and chronic kidney disease 

(CKD) (0/16 (0%) vs 1/34 (3.4%), p>0.999). There was no significant difference in 

the prevalence of key lifestyle factors such as smoking (4/16 (27%) vs 7/34 

(21%), p=0.716) or excess alcohol consumption (3/16 (19%) vs 2/34 (6.1%), 

p=0.307). 

In terms of illness severity, there was no difference in APACHE II scores (17 (11, 

20) vs 17 (12, 23), p = 0.6) or SOFA scores on admission (5 (2, 8) vs 4 (3, 8), p = 

0.9) when comparing No CMR versus CMR participants. 
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Table 4-2 Characteristics of patients who attended CMR follow-up in comparison to those 
who did not attend 

Patient characteristics No CMR follow-up  

N = 161 

CMR follow-up  

N = 341 

p-value2 

Age 67 (54, 74) 56 (44, 62)  0.036 

Sex (Female) 5 (31%) 16 (47%)  0.291 

Clinical Frailty Scale 3 (2, 5) 3 (2, 3)  0.197 

Clinical Frailty Scale ≥ 5 5 (31%) 5 (15%)  0.256 

Charlson Comorbidity Index 2 (1, 3) 2 (0, 3)  0.229 

SIMD Quintile 1.5 (1, 4.5) 1.5 (1, 3) 0.696 

Ethnicity   >0.999 

  Asian 1 (6.3%) 2 (5.9%)  

  White 15 (94%) 32 (94%)  

BMI 30 (23, 35) 29 (25, 32)  0.850 

Hypertension 7 (44%) 9 (26%)  0.222 

Diabetes 2 (13%) 6 (18%) >0.999 

CKD 0 (0%) 1 (3.4%) >0.999 

Previous Stroke 0 (NA%) 0 (NA%)  

Alcohol Excess 3 (19%) 2 (6.1%)  0.307 

Previous Arrhythmia 3 (19%) 0 (0%)  0.029 

COPD 1 (6%) 1 (3%)  0.542 

Smoking History 4 (27%) 7 (21%)  0.716 

Illness characteristics 

APACHE II Score 17 (12, 23) 17 (11, 21)  0.747 

SOFA Score 4 (3, 8) 5 (2, 8)  0.734 

Source of Sepsis    0.362 

    Bone/Joint 1 (6.3%) 1 (3.0%)  

    Central Nervous System 0 (0%) 1 (3.0%)  

    Intrabdominal/Hepatobiliary 6 (38%) 6 (18%)  

    Lower Respiratory Tract 4 (25%) 13 (39%)  

    Other 0 (0%) 1 (1%)  

    Skin/Soft Tissue 4 (25%) 5 (15%)  

    Urinary 1 (6.3%) 7 (21%)  

Required Invasive Mechanical 
Ventilation 

6 (38%) 14 (41%)  0.804 

Duration of Mechanical 
Ventilation (days) 

10 (4, 17) 8 (5, 15)  0.792 

Required NIV/NHFO 2 (12.5%) 17 (50%)  0.011 

Duration of NIV/NHFO (days) 11.2 (6.4, 16) 1.3 (0.5, 2)  0.028 

Required CV Support 12 (75%) 24 (71%) >0.999 

Duration of CV Support (days) 2 (0, 6) 1 (1, 3)  0.550 

Renal Replacement Therapy 2 (13%) 8 (24%) 0.498 

Duration of Renal Replacement 
Therapy (days) 

16 (1, 30) 9 (3, 20) 0.889 
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Cardiovascular dysfunction or injury during illness 

LVSD during admission 0 (0%) 8 (24%)  0.087 

RVSD during admission 0 (0%) 2 (5.9%) >0.999 

ECG Changes in ICU 6 (40%) 7 (21%)  0.178 

Maximum Troponin 33 (4, 76) 67 (4, 479)  0.521 

Maximum CRP 345 (284, 472) 326 (200, 442)  0.270 

Peak Lactate 1.00 (0.90, 4.25) 1.80 (1.10, 3.00)  0.466 

ICU discharge characteristics 

ICU Length of Stay (days) 7 (4, 28) 6 (2, 12)  0.287 

Hospital Length of Stay (days) 24 (11, 37) 15 (8, 26)  0.287 

Time from discharge to follow-up 
(days) 

NA (NA, NA) 51 (47, 60) NA 

Discharge NT-proBNP (pg/mL) 1926 (371, 4076) 1254 (185, 4115)  0.439 

Discharge Troponin (pg/mL) 26 (17, 56) 17 (10, 62)  0.439 

Discharge hs-CRP (mg/L) 109 (22, 172) 60 (12, 136)  0.287 
1Median (Q1, Q3); n (%) 2Wilcoxon rank sum test; Pearson's Chi-squared test; Fisher's exact test; NA; 

Wilcoxon rank sum exact test. APACHE II= Acute Physiology and Chronic Health Evaluation II, BMI=Body 
Mass Index, CKD=Chronic Kidney Disease, CRP=C reactive protein, COPD=Chronic Obstructive Pulmonary 
Disease, ECG=Electrocardiogram, hs-TnT= high sensitivity troponin T, ICU=Intensive care unit, LVSD=Left 
ventricular systolic dysfunction, NHFO=Nasal high flow oxygen NIV=Non-invasive ventilation, NT-

proBNP=N type pro-brain natriuretic peptide, RVD=Right ventricular dysfunction, SOFA=Sequential Organ 
Failure Assessment 

 

CMR participants had a shorter median ICU LOS (6 days (2-12) vs 7 days (4-28), p 

= 0.3) and hospital LOS (15 days (8, 26) vs 24 (4, 28), p = 0.2), albeit these were 

not statistically significant. 

There were no differences in rates of myocardial injury or dysfunction during ICU 

admission in CMR participants compared to No CMR participants. However, 8/34 

(24%) CMR participants were identified as having LVSD during their ICU 

admission. In both cohorts, levels of cardiovascular biomarkers on ICU discharge 

were markedly elevated, above the 99th percentile of the general population 

reference range, with median NT pro-BNP values of 1926pg/mL (371-4076, p = 

0.4) vs 1254pg/mL (185–4115, p = 0.4) in No CMR versus CMR participants. There 

was also a non-significant difference in hs-CRP (60mg/L (12,136) vs 109mg/L (22, 

172), p = 0.3). 
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4.5 Discussion 

To the author’s knowledge, this is the first study describing the prospective 

recruitment of participants to an ICU follow-up study combining cardiac imaging, 

biomarkers and patient reported functional outcome measures. The CMR imaging 

arm embedded within a wider biomarker study allowed for maximisation of 

recruitment to the imaging component of the study, whilst allowing for the 

collation of key feasibility data such as participant retention, thus informing 

future work. 

4.5.1 Protocol feasibility 

Given the novelty of the study design, it was unclear whether it would be 

possible to recruit and retain patients for a study of this nature, such is the 

profound impact of ICU admission. ICU survivors are likely to have a high burden 

of acquired comorbidity as a consequence of their admission5 240, and prior 

comorbidity has been associated in multiple observational studies to be 

correlated with adverse long-term outcomes.7 151 As such, it was unclear whether 

participants would be willing to re-attend for further investigations including a 

lengthy MRI scan, which potentially added to their burden of healthcare 

interactions and follow-up. 

In this study, 68% percent of participants who agreed to take part in the CMR 

study proceeded with their follow-up scan. This is in keeping with other larger 

scale prospective studies of ICU survivors. For example, in a study examining one 

year outcomes of patients, Herridge et al followed up approximately 70% of 

recruited participants surviving until ICU discharge.31 In another landmark study 

examining post-intensive care cognitive impairment, 54% (448/821) of 

participants who underwent initial evaluation in hospital were able to undergo 

follow-up cognitive testing.57 Thus, despite the relatively high attrition rate of 

32%, data here are in-keeping with other large scale studies of post-intensive 

care populations and perhaps reflective of the burdensome acquisition of 

multimorbidity following critical illness.  

Nonetheless, the majority of patients recruited attended for CMR follow-up, 

with all patients who attended able to comply with a CMR study sufficient 

enough to acquire, at lease, a basic dataset. This supports the feasibility of the 
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research protocol and the concept that if participants are willing and able, CMR 

scanning and similar modalities of diagnostic testing are likely to be well 

tolerated in this patient cohort. 

In terms of the CMR cohort versus no CMR cohort, participants were significantly 

younger and also had a reduced prevalence of frailty. Although there were 

reductions in duration of organ support (if required) the prevalence of 

participants who required mechanical ventilation, cardiovascular support or 

renal support was reduced in participants who did not undergo follow-up 

scanning. 

4.5.2 Overview of the study population 

Table 4-3 highlights key participant demographics and how the CMR study cohort 

compares to two observational studies of sepsis patients utilising contemporary 

datasets.  

Patient demographics are broadly comparable. The median age in the study was 

58, with 42% of participants female and 20% having a clinical frailty score 

greater than 5.  Participants also had a median Charlson Comorbidity Index of 2, 

again, broadly in keeping with other large scale datasets of UK patients who 

have been admitted to intensive care with sepsis.241  

Severity of illness - measured using outcomes such as APACHE II scores – was lso 

comparable to other large observational datasets. In the study by Prescott et al, 

nearly 100,000 patients were included that were admitted to intensive care 

between 2017 and 2019, with an APACHE II score of 14.241 Similarly, in Shankar-

Hari’s epidemiological comparison of sepsis 2 and 3 definitions including nearly 

200,000 ICU patients, there was a  mean APACHE II of 13.7.64 In comparison, the 

median APACHE II score in the study in this thesis was 17, marginally higher and 

corresponding to a predicted mortality rate of approximately 25%.71  
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Table 4-3 Comparison of key patient demographics with two large observational datasets  

 

72% of participants required cardiovascular support, 40% required invasive 

mechanical ventilation and 20% required renal replacement therapy, indicating a 

high level of acuity. ICU and hospital LOS were 6 and 16 days respectively, again 

similar to other published studies in similar cohorts. Thus, it would seem the 

degree of illness severity is comparable to other similar ICU settings.64 241 242 

In terms of cardiovascular injury during intensive care admission, left ventricular 

dysfunction was prevalent, in keeping with observational studies examining 

cardiac function during sepsis in intensive care.189 236 Furthermore, the majority 

of participants had NT-proBNP values well above the 99th centile in comparison 

to values in the general population.243 There are few data that describe sepsis as 

an independent cause of markedly raised NT-proBNP, although there have been 

studies that correlate abnormal NTproBNP values to increased mortality 

following ICU admission.151 Biochemical evidence of cardiac injury -  manifesting 

as elevated high sensitivity troponin - was also prevalent in the study cohort, 

Characteristic Shankar-Hari 

(2017)64 

N = 197,142 

Prescott 

(2024) 

N = 

99,948241 

Garrity 

(2025) 

N = 50 

Definition Sepsis-3 Sepsis-3 Sepsis 3 

Age1 66 66 58 

Sex female (%)  45 43.7 42 

% Mild-Moderate Frailty/ 

Dependency2 

29.3 - 20 

Site of Infection n(%) 

- Cardiovascular 

- Respiratory 

- Urinary 

- Gastrointestinal 

- Neurological 

- Musculoskeletal/Soft 

Tissue 

- Other 

 

4264 (2.2) 

98,785 (50.0) 

12,796 (6.5) 

50799 (25.8) 

5,815 (3.0) 

10,499 (5.3) 

14,185 (7.2) 

 

1,742 (1.7) 

61,321 (61.4) 

13,426 (13.4) 

8970 (9.0) 

3409 (3.4) 

3,379 (3.5) 

7693 (7.7) 

 

0 (0.0) 

17 (35.0) 

8 (16.0) 

12 (44.0) 

1 (2.0) 

11 (22.0) 

1 (2.0) 

APACHE II1 18.5 14 17 

ICU LOS (days) 3.8 4 6 

Hospital LOS (days) -  14 17 
1Mean/Median value. Mild/moderate dependency if not explicitly defined in the study corresponds to a clinical frailty 

score (CFS) ≥ 5. Abbreviations: APACHE=Acute physiology and chronic health evaluation. ICU=Intensive care unit. 

LOS=Length of stay. 
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with values remaining abnormal even around the point of discharge. Raised 

troponin is known to be associated with mortality and adverse cardiovascular 

events in critical illness, again supporting the premise that this is a population 

that are at risk of significant cardiac injury whilst in intensive care and may be 

at risk of adverse outcomes following discharge from intensive care.114 181  

In-patient mortality seen in this study from the point of recruitment was only 4% 

(2/50), much lower than anticipated for corresponding APACHE II (17 (12, 23)) or 

SOFA (5 (2, 8)). The protocol deliberately had a focus on survivorship, with 

participants only eligible for recruitment if expected to survive. In addition, 

participants required capacity to consent to the study procedures and were 

therefore not delirious at the point of recruitment. This deliberate selection of a 

cohort of ICU survivors is likely to contribute to the low mortality rate in the 

presence of similar illness severity scales, despite similar rates of participant 

retention. 

4.5.3 Limitations 

The research protocol does have limitations. Rather than set a maximum number 

of recruits to the CMR study, this was instead set by the wider observational 

biomarker study within which the CMR study was embedded, and recruitment to 

the CMR scanning was only planned to stop once 35 participants were scanned. 

This was for two reasons. Firstly, the CMR study was powered to detect 

prevalence in LVSD in comparison to prevalence in the general population and 

secondly, embedding the CMR study within a larger biomarker study ensured that 

funding allocated for CMR scanning was fully utilised and recruitment continued 

to this limb of the study could continue, even if prior recruited participants 

withdrew from follow-up. However, it is possible that the cohort of patients 

(34/50), who ultimately presented for CMR scanning are reflective of younger, 

less frail participants who had a reduced hospital LOS. Furthermore, the 

deliberate focus on survivors and those that were not delirious may also 

potentially bias the cohort towards patients who are less frail and comorbid. 

Lastly, although the prior burden of cardiovascular disease was assessed at 

screening, it is impossible to fully assess for cardiovascular exclusions that may 

have been present prior to ICU admission, such as asymptomatic cardiac 
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dysfunction or coronary artery disease. To include patients that had not had 

prior cardiac or coronary artery imaging would have been impractical within the 

confines of resources available and meant the cohort was not reflective of the 

typical ICU population. 

4.6 Conclusion 

Utilising the protocol described in Chapter 3, this study successfully recruited a 

representative population of ICU survivors with sepsis, with similar patient 

demographics and prevalence of cardiac injury to published data. This approach 

provides key feasibility data for future imaging studies and the findings 

contained in the forthcoming chapters are likely to be applicable to future work 

and other similar ICU cohorts. 
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Chapter 5 Cardiovascular Magnetic Resonance 
imaging in intensive care unit survivors of 
sepsis 

5.1 Introduction 

This chapter describes the cardiovascular magnetic resonance (CMR) imaging 

findings of 34 patients admitted to intensive care with sepsis who were recruited 

to the study described in Chapters 3 and 4 and subsequently had follow-up 

cardiac imaging. It will describe key principles in CMR imaging, how it can be 

utilised to assess left and right ventricular function and how novel parametric 

mapping techniques can be used to assess for the presence of myocardial 

inflammation, oedema and scar. It describes the methodology utilised to obtain 

the CMR dataset and subsequently characterise the cardiac function of the study 

population, the prevalence of left and right ventricular (LV and RV) dysfunction 

and how the CMR findings differ if participants belong to these separate groups. 

Finally, it will discuss the implications of these findings in the wider context of 

the study and implications for future research and clinical practice before 

considering the limitations of the work. 

5.2 Cardiovascular magnetic resonance imaging 

CMR is a gold-standard non-invasive method of assessing cardiovascular mass and 

function.244 Typically performed by acquiring electrocardiogram-gated (ECG-

gated), clinicians can then manually contour the outline of cardiac structures to 

make detailed assessments, with higher reproducibility than 2D 

echocardiography. This has particular relevance for research, where the higher 

interstudy reliability can be utilised to reduce sample sizes and achieve greater 

power in cardiac imaging studies.208 

5.2.1 A brief overview of CMR physics 

A Magnetic Resonance Imaging (MRI) system comprises of three main 

electromagnetic coils, which each generate their own magnetic fields (Figure 

5-1). These three types of magnetic field can be applied to a subject in 

combination to produce magnetic resonance (MR) signals and encode images.245 
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Figure 5-1 Magnetic Resonance (MR) system components  

a) Relative locations of the main magnet coils; x, y and z gradient coils; and the integral 
radio frequency (rf) transmitter and receiver coils. b) Typical arrangement for a cylindrical 
bore MR system showing the magnet core and reference co-ordinate axes with the static B0 
field direction along the horizontal axis.  

Reproduced from Ridgeway et al under CC-BY licence.245 

 

The ‘strength’ of the MR system is defined by the operating strength of the 

continuous main magnet, denoted by the symbol B0 and measured in units of 

Tesla (T), where 1 Tesla is equal to approximately 20,000 times the power of the 

earth’s own magnetic field. 245 

A gradient electromagnetic field is generated by three gradient coils mounted 

inside the main magnet, which can be switched on and off rapidly. They are 

aligned with B0, but with a strength that differs according to their position in the 

x, y or z axes, according to which gradient coil is used. Thus, the strength of the 

B0 magnetic field increases (or decreases) along the direction of the applied 

gradient field.245 

MR imaging utilizes the innate properties of protons and their behaviour in 

magnetic fields, in particular, the hydrogen ions found in abundance in 

biological tissues.246 Each proton has its own ‘spin’ and magnetic moment, 
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essentially a magnetic field which lies along a spatial vector. These are normally 

randomly orientated in biology such that the net magnetic moment is zero. 

However, in the presence of a strong external magnetic field, such as that in the 

MRI scanner, the protons ‘spin-up’ or ‘spin-down’ to align in the direction of B0, 

whilst rotating around the central axis of B0 in a process known as precession 

(Figure 5-2).246 This causes the particles to be arranged with an overall net 

longitudinal magnetisation. 

 

Figure 5-2 Response of protons to application of a radiofrequency pulse 

A) An external magnetic field creates a torque on the proton such that it rotates around the 

central axis. B) With no magnetic field, the protons are randomly orientated. When an 
external magnetic field is applied, protons either spin-up or spin-down, resulting in a small 
net longitudinal magnetisation. From Azhar et al (2023). Reproduced with permission from 
Oxford University Press.246   

Whilst this magnetisation cannot be directly measured in the same longitudinal 

plane as B0, the application of an additional magnetic pulse by the 

radiofrequency coil (rf pulse) at 90° in the transverse plane, can cause some 

particles to spin-down resulting in an overall reduction in net magnetisation. 

Furthermore, the magnetic field generated by the rf pulse creates additional 

torque on adjacent protons such that they precess in-phase in the transverse 

plane, resulting in a net transverse magnetisation in the x and y planes (Figure 

5-3). 
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Figure 5-3 Overall net magnetisation following application of a radiofrequency pulse  

When an external magnetic field is applied, the net magnetisation is aligned parallel to B0. 

After application of a radiofrequency (rf) pulse, the net magnetisation is displaced in the 
transverse plane.  From Azhar et al (2023). Reproduced with permission from Oxford 
University Press.246 

When the rf pulse is subsequently switched off, the protons ‘relax’ over time 

and revert to their default state. This causes the net longitudinal value to 

regrow and return to its original value (T1 relaxation), as they switch back to 

their net spin-up state and realign with B0. This also causes the net transverse 

magnetisation to decay as the protons de-phase randomly and can be measured 

(T2 relaxation) (Figure 5-4).  

 

Figure 5-4 Schematic diagram of T1 and T2 relaxation  

A) T1 relaxation. After a radiofrequency pulse is applied, longitudinal magnetisation 
becomes 0. When the rf pulse is turned off, the longitudinal magnetisation grows back to its 
original value. B) T2 relaxation. After a radiofrequency pulse is applied, net magnetisation is 
displaced into the transverse plane with proton spins precessing in phase with each other. 
When the rf pulse is turned off, protons de-phase randomly and the net transverse 
magnetisation decreases.  From Azhar et al (2023). Reproduced with permission from 
Oxford University Press.246 
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5.2.2 T1, T2 Relaxation and late gadolinium enhancement 

5.2.2.1 Native T1 

T1 relaxation (Figure 5-5) is an exponential process with a time constant and 

refers to the time taken for the net magnetisation (Mz) in the B0 plane to recover 

to 63% of its value at equilibrium. The native T1 value has a relationship to the 

water content of the tissue from which the relaxation rate is measured. 

Normally, water-based tissues with high macromolecular content (e.g. cardiac 

myocytes) have shorter T1 values, however in the presence of increased water 

content (e.g. due to an inflammatory process) this time will be prolonged.245 

This means that T1 can be utilised for assessment of both cardiac disease (e.g. 

myocarditis, coronary syndromes, diffuse fibrosis) and cardiac manifestations of 

systemic disease (e.g. siderosis, cardiac amyloid etc).247 

5.2.2.2 Post-contrast T1 mapping and extra cellular volume 

After administration of a gadolinium-based contrast agent, myocardium 

containing fibrosis appears as a high signal intensity area, allowing the 

identification of scar tissue through late-gadolinium enhancement (LGE). 

However, if the fibrosis is diffuse and not regional, then this cannot be detected 

by LGE.247 

Post-contrast T1 time in normal myocardium is shorter than native T1 time, due 

to the presence of residual gadolinium within the interstitium. This effect is 

further amplified in patients with diffuse fibrosis or with regional scarring, by 

the increased volume of retained gadolinium. 

The concentration of contrast in the myocardium relative to the blood is used to 

calculate extra-cellular volume (ECV), essentially reflective of the expansion of 

extra-cellular space that occurs in fibrosis and tissue remodelling.247 The 

determination of ECV involves creating pre and post-contrast T1 maps. The ECV 

is then calculated based on the values of these maps, using the ratio of the 

differences between native T1 and post-contrast T1 values. Myocardial ECV is 

derived by correcting for the haematocrit level using the following equation:  
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𝐸𝐶𝑉 = (1 − 𝐻𝑎𝑒𝑚𝑎𝑡𝑜𝑐𝑟𝑖𝑡)  ×
∆𝑅1(𝑚𝑦𝑜𝑐𝑎𝑟𝑑𝑖𝑢𝑚)

∆𝑅1(𝐿𝑉 𝑏𝑙𝑜𝑜𝑑 𝑝𝑜𝑜𝑙)
 

(𝑅1 = 1/𝑇1,   ∆𝑅1 =  𝑝𝑜𝑠𝑡𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑅1 − 𝑝𝑟𝑒𝑐𝑜𝑛𝑡𝑟𝑎𝑠𝑡 𝑅1) 

 

Figure 5-5 Measurement of T1 and T2 relaxation time 

A) T1 Relaxation B) T2 relaxation C) T2* relaxation. (A) T1 relaxation is a measure of the 
overall longitudinal magnetization of particles in the magnetic field over time relative to B0, 
following application of an RF pulse.  There is initially complete loss of overall longitudinal 
magnetisation, which gradually recovers over time, with T1 relaxation reflecting the time to 
recover 63% of the overall value of longitudinal magnetisation. In contrast, T2 recovery (B) 
reflects the overall decay of transverse magnetisation following application of an RF pulse, 
and is determined following 37% loss of the maximum T2 value. T2* reflects the T2 value if 
magnetization occurred within a perfectly homogenous field and accounts for presence of 
other magnetic inhomogeneities within the field. From Azhar et al (2023). Reproduced with 
permission from Oxford University Press.246 
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ECV gives a physiologically intuitive unit of measuring tissue remodelling, and 

with the exception of amyloid disease, increased values are often due to 

excessive collagen deposition and thus a marker of myocardial fibrosis.247 

5.2.2.3 T2 mapping and T2* mapping 

T2 relaxation time (Figure 5-5) refers to the amount of time it takes for the 

overall decay of transverse magnetisation to 37% of its maximum value. Free 

water molecules that are spread far apart tend to have longer T2 relaxation 

times due to the reduced spin-spin interaction, however tissues containing water 

bound to large macromolecules (e.g. muscle) will have greater spin-spin 

interaction and this will cause reduction in T2 decay. Similar to T1, 

inflammatory processes can cause prolongation of T2 values due to increased 

tissue water content.245 

T2* relaxation described the decay of transverse magnetisation under an ideal, 

perfectly homogenous B0 field.246 In practice, the magnetic field is often less 

homogenous due to presence of other materials within it, causing more rapid 

dephasing. T2* describes the combined effects of tissue-specific dephasing and 

additional dephasing from B0 inhomogeneities, and is always shorter than T2 

relaxation.246 

It is important to understand that T1 and T2/T2* relaxation are fundamentally 

independent processes and are specific, dependent on the given B0 in the 

scanner. The complexities of how these signals are acquired and subsequently 

spatially mapped to form the high-quality images that can be used to assess 

cardiac tissue and its function are beyond the scope of this thesis.  

However, these MRI techniques fundamentally bring the key advantage of being 

able to differentiate between types of soft tissue in a manner that can be 

considered superior to other forms of cardiac imaging.208 In combination with 

standard views of the left and right structures of the heart, these signals can be 

used to create a highly detailed animated series of ‘cine’ images across different 

phases in the cardiac cycle to evaluate its function.248  



124 

5.2.3 Assessment of left ventricular function using CMR 

The society of cardiovascular magnetic resonance (SCMR) recommend that left 

ventricular (LV) function is assessed using 6 key components249:  

• LV end-diastolic volume (LVEDV) - The total amount of blood (ml) in the 

LV after maximal filling,  

• LV end-systolic volume (LVESV) - The total amount of blood in the LV (ml) 

after maximal emptying,  

• LV stroke volume (LVSV) – the amount of blood (ml) pumped per cardiac 

cycle (LVEDV – LVESV),  

• LV ejection Fraction (LVEF) – the fraction or percentage (%) of blood that 

leaves the heart during systole (LVSV/LVEDV) 

• LV cardiac output (LVCO) – defined as LVSV multiplied by heart rate, and  

• LV mass (LV mass) – the LV myocardial volume multiplied by 1.05 in 

grams.  

The SCMR recommends indexing volumes to body surface area (BSA) for the 

above measurements, with the exception of ejection fraction.249 In addition, 

they recommend commenting on presence of regional wall motion abnormalities 

using a 17 segment model as described by the American Heart Association; 

presence of aneurysm and; optional measurement of strain.249 250  

Common images used for assessment of LV function include 2 chamber, 3 

chamber and 4 chamber views in addition to a short axis ‘stack’ from which LV 

volumes can be assessed and calculated (Figure 5-6).251 For LV chamber 

quantification, epicardial and endocardial borders can be identified across the 

stack in the systolic and diastolic phases of the cardiac cycle. The LVEDV should 

be calculated from the image with the largest LV blood volume, with closure of 

the mitral valve and opening of the aortic valve used to assist in orientation. The 

full stack should be evaluated and one phase should be identified for all of the 

short axis locations.251 
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Figure 5-6 Left ventricular chamber quantification  

The epicardial borders are highlighted in yellow and endocardial borders highlighted in blue with the diastolic phase included (left) and systolic phase 

(right). a + b illustrate the approach with inclusion of papillary muscles and c + d illustrate the approach with exclusion of the papillary muscles.  From 
Schulz-Menger et al. Reproduced from Elsevier under CC-BY licence.251 
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Similarly the end systolic image for calculation of LVESV should be chosen as the 

image with the smallest blood volume, again, with all stacked images from the 

same phase included in the assessment. Papillary muscles should ideally be 

included for assessment of LV mass, but due to ongoing discussion around exact 

delineation of papillary muscles, they are often not included.251 Approach should 

be consistent throughout all analyses. 

LV Mass is calculated by the difference between the total epicardial volume 

minus the difference in endocardial volume, which is then multiplied by the 

specific density of myocardium (1.05g/ml). 

5.2.4 Assessment of right ventricular function using CMR 

Similarly to left ventricular function, the SCMR recommend 6 measurements to 

describe right ventricular function. Whilst these are currently considered 

‘optional’, they are as follows249:  

• RV end-diastolic volume (RVEDV) – the total volume of blood (ml) in the 

right ventricle after maximal filling. 

• RV end-systolic volume (RVESV) – the remaining volume of blood (ml) after 

maximal emptying. 

• RV stroke volume (RVSV) – the amount of blood pumped per heart beat 

(i.e. RVEDV-RVESV) 

• RV Ejection Fraction (RVEF %) – the fraction or percentage (%) of blood 

that leaves the RV during systole (RVSV / RVEDV) 

• RV Cardiac Output (RVCO) – defined as RVSV multiplied by heart rate 

• RV Mass (RVM) – indicated in conditions such as hypertrophic 

cardiomyopathy or pulmonary hypertension. 

Again, it is recommended to index volumes to BSA.249 For acquisition of 

contours, images can be acquired from either axial stacks of RV cines, for 

example to identify the tricuspid valve annular plane; or using short axis stacks, 
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which may help in delineating the inferior wall (Figure 5.6).251 In a similar 

process to assessment of LV function, contours are drawn around endocardial 

borders in the systolic and diastolic phases of the cardiac cycle, with each stack 

of images acquired from the same phase.251 RV volumes are taken as the sum of 

volumes from individual 2D slices, accounting for any interslice gap and slice 

thickness. RV trabeculae and papillary muscles are typically included in routine 

assessment.251 RV mass is not a routinely recommended measurement, but can 

be commented on in cases where relevant (e.g. pulmonary hypertension where 

RV hypertrophy is often present).251 

  

Figure 5-7 Right ventricular chamber quantification  

The RV volumes are calculated by delineation of the ventricle in systolic (a + c) and diastolic 

(b + d) phases of the cardiac cycle. Here, the red contours in a stack of trans-axial slices 
(a+b) covering the whole RV are shown. Alternatively, short axis stacks (c+d) can be used 
with the yellow contours highlighting the endocardial borders of the right ventricle.  From 
Schulz-Menger et al. Reproduced from Elsevier under CC-BY licence.251 
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5.2.5 Parametric mapping 

In terms of image acquisition, relaxation times are calculated on a pixel-by-pixel 

basis by fitting the image intensity of the MR series against the parameter that is 

used to vary the relaxation time weight.252 Images need to account for variation 

in other factors in imaged tissue (such as different relaxation times or diffusion) 

and there needs to be negligible physical displacement of the structures 

assessed between images within the series. This makes imaging myocardium 

challenging given the contractile nature of the tissue and the presence of normal 

diaphragmatic contraction.252 As such, MR images are often acquired using 

techniques such as ECG-gating, where image slices are acquired according to 

phases in the cardiac cycle, and breath holding techniques to minimise motion 

artefact.252 

The Modified Look-Locker Inversion recovery (MOLLI) sequence is widely used for 

acquisition of T1 maps. A detailed explanation of the underlying technical detail 

of this technique is beyond the scope of this thesis. Briefly, single shot images 

are acquired intermittently during 3-5 heartbeats following the inversion pulse 

with images spaced by the R-R interval along the T1 recovery curve.253 MOLLI is 

felt to offer excellent T1 diagnostic precision for pre and post contrast maps and 

is used widely in clinical practice.252 254  

The SCMR publish recommendations for analysis of parametric mapping. 251 For 

T1 analysis, the image series should be visually analysed and verified for image 

quality. For global assessment and diffuse disease, a single region of interest 

(ROI) should be drawn on the septum on the mid cavity short axis to reduce 

image artefact from adjacent tissues. For focal disease, further ROIs can be 

drawn and assessed on areas of abnormal appearance on visual inspection.251 

ECV estimation requires T1 mapping acquisition before contrast (native T1) and 

subsequently more than 10 minutes after contrast to ensure steady state 

conditions. To calculate ECV, a ROI should be drawn in the centre of the blood 

pool in the native and the post-contrast T1 map (excluding papillary muscles and 

trabeculae).251 Ideally, haematocrit on the same day should be available, 

however there are other means of calculating values, such as synthetic ECV.251 

255 
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In terms of T2 mapping, the SCMR recommend visual inspection to detect regions 

with a potential signal intensity increase as a marker of increased free water 

content and therefor oedema.251 In terms of quantitative mapping, for global 

assessment and diffuse disease, a single ROI can be drawn conservatively on the 

septum on mid-cavity short axis maps to reduce the susceptibility to image 

artefact from adjacent tissues.251   

The specific protocol for analysing the images reported in this study is included 

in sections below. 

5.3 Methods 

5.3.1 Participant recruitment 

Participant recruitment was described in detail in Chapter 3. In short, 

participants admitted to ICU with sepsis (as defined by Sepsis 3 criteria) were 

invited to attend a follow-up visit 6-10 weeks post-hospital discharge where CMR 

scanning was performed. In addition, investigators collected biomarkers of 

cardiovascular function and inflammation and collected patient reported 

outcome measures of functional capacity and health related quality of life. 

Exclusion criteria included: inability to give informed consent, receipt of 

immune modulating or systemic anti-cancer therapies, prior known ischaemic 

heart disease, known heart failure or cardiomyopathy, pregnancy, prisoner 

status and contraindications to CMR imaging. 

5.3.2  CMR protocol 

CMR imaging took place in a local imaging research centre of excellence using a 

research-dedicated 3.0 Tesla MRI scanner (MAGNETOM Prisma, Siemens 

Healthineers) with a standard phased-array surface coil. The protocol is 

available in Appendix 7. 
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5.3.2.1 CMR set-up and patient preparation 

Informed consent was obtained from participants at study recruitment and 

revisited by research and radiography staff on the date of their follow-up visit. 

Participants must have satisfied local safety criteria for CMR, including recent 

renal function (eGFR >45ml/min) to ensure safety for gadolinium contrast 

administration. 

Following completion of an MRI safety checklist, an intravenous cannula was 

inserted and participants were guided into the scanner, positioned and (if 

required) given reassurance. ECG electrodes were applied in addition to 

headphones allowing for communication between the radiography team and the 

participant. 

5.3.2.2 CMR acquisition 

The MRI protocol included the following images as outlined below and in Table 

5-1: 

• Standard localisers 

• Cine imaging for cardiac dimensions including vertical long axis (VLA), 

horizontal long axis (HLA) and left-ventricular outflow tract (LVOT) 

acquisitions. 

• T2 mapping (short axis stack (SA) and horizontal long-axis (HLA)) 

• T1 mapping (3 SA slices and HLA in rest protocol) 

• First pass perfusion imaging 

• Cine imaging of the LV short axis stack 

• Late gadolinium enhancement imaging 

• Post-contrast T1 mapping (3 x short axis MOLLI) 
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Table 5-1 CMR protocol. 

 Acquisition method Guidance 

P
R
E
-C

O
N

T
R
A
S
T
 S

C
A
N

 Localisers/ Planning (heart) X1  
Bright blood,  
4, 3 & 2 chamber 

T2 mapping (heart) SA Full stack,  
HLA 

T1 mapping (heart) SA Basal,  
SA Mid-LV,  
SA Apex,  
HLA 

 Contrast injection 

P
O

S
T
-C

O
N

T
R
A
S
T
 

S
C
A
N

 

Cardiac Perfusion  3 of 5 SA 

Cine SSFP SA full stack,  
4,3 & 2 chamber 

Late gadolinium enhancement SA Full stack,  
4,3 & 2 chamber 

T1 mapping (heart) SA Basal,  
SA Mid-LV  
SA Apex 

Abbreviations: SA= Short Axis, HLA=Horizontal Long Axis, LV= Left Ventricular, SSFP= Steady state free 
precession 
 

The CMR map included three orthogonal ‘white blood’ sequences (axial, sagittal 

and coronal) and a long axis cine image to identify the left ventricular outflow 

tract (LVOT).  

T2 mapping used a T2 weighted SSFP sequence to acquire a short axis LV stack 

from the mitral valve to the apex. T1 maps were acquired using a MOLLI 

technique to acquire 3 short axis (basal, mid and apical) perfusion slices and one 

four chamber series. 

Gadolinium based contrast was used at a dose of 0.05mmol/kg at 4 mls/second, 

followed by 20mls of 0.9% saline flush. Subsequently, images were acquired to 

assess cardiac perfusion, with acquisition of 3 short axis slices.  

Left-ventricular function cines were then obtained, with a short-axis stack 

aligned to the native T1 maps in addition to 2, 3 and 4 chamber orthogonal 

sequences. 
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Imaging for LGE enhancement occurred at least 10-15 minutes after contrast 

administration. A full stack of short axis images in addition to orthogonal 2, 3 

and 4 chamber sequences. Post-contrast T1 images were acquired again using 

MOLLI techniques to match pre-contrast T1 maps. 

5.3.2.3 Patient tolerance 

If patients were deemed to be tolerating the scan poorly, due to claustrophobia 

or other issues, an a-priori accelerated protocol focused on acquisition of post-

contrast cine images to assess LV function and LGE to assess for scar. This was 

in-keeping with locally agreed protocols in the imaging centre and was initiated 

on discretion of the radiography team conducting the scan. 

5.3.2.4  Image storage 

Patient images were saved on to the hard-drive of the scanner and subsequently 

backed-up on the imaging centre’s database in an anonymised format with the 

patient’s study number. Aligned with our ethical approval (REC South-West 

Central Bristol, Ref 22/SW/0082) and local governance protocols within the 

health board, images were also transferred onto the national Picture Archiving 

and Communication System (PACS) and matched with the participants own 

health records should CMR images or reports be required by the patient or 

responsible healthcare providers in the future. 

5.3.3  CMR analysis 

Aligned with local safety and governance policy, images were analysed and 

reported by an accredited cardiovascular radiologist with over 15 years’ 

experience. Ventricular volumes, mass, ejection fraction and motion-corrected 

T1 and T2 sequences were analysed using dedicated post-processing software 

(cvi42 software for cardiovascular MRI, version 5.1, Circle Cardiovascular). 

A CMR report was generated with key indices of LV and RV function as outlined 

in SCMR guidance described above in section 5.2.3 and section 5.2.4. Any 

abnormalities in perfusion or presence of scar on LGE was included in the CMR 

safety report and acted on by the author of this thesis if necessary. 
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Further T1, T2 and ECV mapping was conducted by the author. Initial training 

was conducted by a consultant in cardiovascular imaging with >10 years’ 

experience, with subsequent blinded inter-rater reliability assessment on a 

subset of 10 patients (described below) to ensure integrity of the parametric 

mapping dataset. Individual images were reviewed, and ECV maps were created 

by manual drawing of epicardial and endocardial borders on pre and post 

contrast T1 maps. Right ventricular insertion points were subsequently used to 

segment the myocardium according the American Heart Association’s 16 segment 

model.250 Mapping was later reviewed for errors and artefact once the data 

analysis was complete. 

5.3.4  Outcomes 

The primary outcome for the study was prevalence of left ventricular systolic 

dysfunction (LVSD). As outlined in Chapter 3.5.10, LVSD was considered <51% for 

women and <47% for men, aligned with a local control population and 

parameters defined by the European Association of Cardiovascular Imaging 

(EACVI).202 203 Participants were also assessed for RV systolic dysfunction (RVSD), 

which was defined as presence of RVEF <40% in males and <45% in females, again 

in line with local control populations.202 

Other CMR outcomes assessed included:  

- Indices of LV function: LVEDV (mls), LVESV (mls), LVSV (mls), LVEF (%), CO 

(mls/min) and LVM (g) 

- Indices of RV function: RVEDV (mls), RVESV (mls), RVSV (mls), RVEF (%) 

- Parametric assessment of fibrosis, oedema and scar: Native T1 (ms), T2 

(ms) and ECV (%) values 

All volumetric indices of LV and RV function were indexed to BSA. Indices of left 

and right ventricular function were compared to published national reference 

ranges. Reference ranges for parametric mapping were determined by local 

reference ranges used in prior conducted studies within the author’s 

institution.138 256 
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5.3.5 Statistical analysis 

Participant demographics, illness characteristics, biomarkers and CMR outcomes 

are presented as median (Q1, Q3) or mean (SD) if continuous variables, 

depending on whether parametric or non-parametrically distributed. Categorical 

variables are displayed in proportions as n(%). Overall summary values are 

tabulated, and subsequently categorised by presence of LVSD and RVSD.  Values 

of normally distributed data were assessed using an independent t-test or a one-

way analysis of variance (ANOVA) if appropriate. Non-parametrically distributed 

data between groups were analysed using Wilcoxon-rank sum test or Kruskal-

Wallis test as appropriate. 

To assess reliability of parametric mapping analysis, these data were assessed 

with intra-class correlation coefficients for both absolute agreement and 

consistency with values indicating poor (<0.5), moderate (0.5-0.75),  good (0.75-

0.9) and excellent (>0.9) reliability .257 Bland-Altman plots were subsequently 

generated to further assess bias between raters and potential differences in 

agreement over the range of values. 

Univariate logistic regression analysis was undertaken to investigate association 

between LVSD at 6-10 weeks post hospital discharge and patient or illness 

characteristics and biomarkers during admission. On assessment of NT-proBNP 

and hs-TnT, both variables were significantly affected by marked right skew. As 

such, both variables were log transformed in order to account for outlier values 

and ensure improved reliability of logistic or linear regression models. Given the 

importance of NT-proBNP thresholds in the diagnosis and management of heart 

failure in the outpatient setting, follow-up values of NT-proBNP were also 

categorised into thresholds commonly used in clinical practice (NTproBNP 

<125pg/mL, NTproBNP 125-400pg/mL and NTproBNP >400pg/mL) in-keeping with 

local and international guidelines.125 258 These thresholds were included in 

logistic regression analysis to explore their relationship with reduced LVEF.  

Logistic regression analyses are displayed as “OR (95%CI 0.025, 0.975), p-value”.  

Univariate linear regression analysis was used to investigate the discrete 

relationship with LVEF (%). Models are displayed as β (95%CI 0.025, 0.975), p-

value, and plotted with regression lines in blue with dark grey shading to 
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indicate their standard deviation.   Spearman or Pearson correlation coefficients 

were calculated as appropriate, depending on distribution of the data. 

Given the small sample size, data for all linear and logistic regression models of 

statistical significance were plotted and further assessed with overall goodness 

of fit testing and across residual quantiles to ensure adequacy of the model. All 

statistical analyses were performed with R software (version 4.4.3, 

http://www.r-project.org) by the author of this thesis and support from an 

experienced statistician.  

5.4 Results 

5.4.1  Overall cohort 

5.4.1.1 Participant demographics 

Thirty-four participants underwent CMR scanning. Their overall demographics 

are displayed in Table 5-2 and described in more detail in the previous chapter. 

Median age was 56 (44, 62) and 47% of participants were female. 9/34(26%) 

participants were known to have hypertension, 6/34(18%) had known diabetes 

and 7/34 (21%) had a history of smoking. 5/3 (15%) of participants had a clinical 

frailty score (CFS) greater than or equal to 5. Median acute physiology and 

health evaluation (APACHE) II score was 17 (11, 20) and admission SOFA scores 

were 5 (2, 8). 41% of participants required invasive mechanical ventilation and 

50% required non-invasive ventilation or nasal high flow oxygen. Almost a 

quarter (24%) required renal replacement therapy. 

Twenty-four percent of participants were identified as having new LV 

dysfunction during their intensive care stay. The cohort had a median maximum 

troponin value of 67 (4, 479). 21% had ECG changes identified during their ICU 

stay. 

Median ICU LOS was 6 days (2, 12), median hospital LOS was 15 days (8, 26) and 

median time to follow up was 56 (47, 60) days. NT-proBNP and troponin levels on 

discharge had a median value of 1254pg/ml (185, 4115) and 17pg/mL (10, 62) 

respectively. 

  

http://www.r-project.org/
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Table 5-2 Characteristics of CMR participants 

Characteristics N = 341 

Patient characteristics  

Age 56 (44, 62) 

Sex (Female) 16 (47%) 

BMI 29 (25, 32) 

SIMD 1.5 (1, 3) 

Ethnicity  

    Asian 2 (6%) 

    White 32 (94%) 

Charlson Comorbidity Index 2 (0, 3) 

Hypertension 9 (26%) 

Diabetes 6 (18%) 

CKD 1 (3.4%) 

Previous Stroke 0 (0%) 

Smoking History 7 (21%) 

Alcohol Excess 2 (6.1%) 

Previous Arrhythmia 0 (0%) 

COPD 1 (2.9%) 

     Anxiety 4(12%) 

     Depression 4 (12%) 

Clinical Frailty Scale (CFS) 3 (2, 3) 

CFS ≥ 5 5 (15%) 

Sepsis severity and characteristics 

APACHE II Score 17 (11, 20) 

SOFA Score 5 (2, 9) 

Source of Sepsis  

    Bone/Joint 1 (3%) 

    Central Nervous System 1 (3%) 

    Intrabdominal/Hepatobiliary 6 (18%) 

    Lower Respiratory Tract 13 (39%) 

    Skin/Soft Tissue 5 (15%) 

    Urinary 7 (21%) 

    Other 1 (3%) 

Required Invasive Mechanical Ventilation 14 (41%) 

   Duration of Mechanical Ventilation (days) 8 (5, 15) 

Required NIV/NHF 17 (50%) 

   Duration of NIV/NHF (days) 1.25 (0.5, 2) 

Required CV Support 24 (71%) 

   Duration of CV Support (days) 1 (1, 4) 

Renal Replacement Therapy 8 (24%) 

   Duration of Renal Replacement Therapy (hrs) 9 (3, 20) 
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Maximum CRP 326 (200, 442) 

Peak Lactate 1.80 (1.10, 3.00) 

Cardiac injury during ICU admission 

LVSD during admission 8 (24%) 

RVSD during admission 2 (5.9%) 

ECG Changes in ICU 7 (21%) 

Maximum Troponin 67 (4, 479) 

Discharge Characteristics  

ICU Length of Stay (days) 6 (2, 12) 

Hospital Length of Stay (days) 15 (8, 26) 

Time from discharge to follow-up (days) 51 (47, 60) 

Discharge NT-proBNP 1,254 (185, 4,115) 

Discharge Troponin 17 (10, 62) 
1Median (Q1, Q3); n (%). APACHE=Acute physiology and chronic health evaluation, CFS=Clinical frailty score, 
CKD=Chronic kidney disease, COPD=Chronic obstructive pulmonary disease, SOFA=Sequential organ failure 
assessment,  

5.4.1.2 CMR findings 

Overall CMR findings of the cohort are included in Table 5-3. Seven patients 

(20.6%) had reduced LVEF. Median values of LVEDV/BSA, LVESV/BSA, LVSV/BSA, 

LVEF and CI were 81ml/m2 (65, 92), 34ml/m2 (28, 47), 42 ml/m2 (35, 51), 56% 

(50, 60) and 3.04mls/min/m2 (2.59, 3.86). Right ventricular indices of 

RVEDV/BSA and RVESV/BSA and RVEF were 87 ml/m2 (69, 100), 41 ml/m2 (33, 

51) and 50% (47, 68). 

The cohort had median global native T1 values of 1231ms (1211, 1268), global T2 

was 39ms (37, 42) and ECV values were 29% (27, 32), (Ref range <27.4%). No 

participants had LGE in either an ischaemic or non-ischaemic distribution. 

5.4.2 Reliability of parametric mapping techniques 

Intra-class correlations were ‘good’ for all measurements of parametric 

mapping, indicating reliability between assessors (Table 5-4). ICC for agreement 

were 0.822 (0.446-0.952) p<0.001 for native T1 values and 0.828 (0.393-0.956) 

p=0.001 for native T2 values respectively. ICC for agreement was 0.766 (0.036-

0.945) p=0.020 for ECV values indicating good reliability. Bland-Altman plots 

displaying interrater agreement are shown in Figure 5-8, plotting differences and 

mean values between raters. 
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Table 5-3 CMR Characteristics of the overall cohort 

Cardiac MRI Findings N = 341 
Reference 

Range 

Left ventricular dimensions and function 

LV End Diastolic Volume/BSA (mls/m2) 81 (65, 92) 54-94 

LV End Systolic Volume/BSA (mls/m2) 34 (28, 47) 19-40 

LV Stroke Volume/BSA (mls/m2) 42 (35, 51) 21-49 

LV Ejection Fraction (%) 56 (50, 60) 51-70 

LV Mass/BSA (g/m2) 52 (41, 61) 35-70 

Reduced LVEF n(%) 7 (20.5) - 

Cardiac Index (mls/min/m2) 3.04 (2.59, 3.86) 1.8-4.2 

Right ventricular dimensions and function 

RV End Diastolic Volume/BSA (mls/m2) 87 (69, 100) 53-99 

RV End Systolic Volume/BSA (mls/m2) 41 (33, 51) 17-46 

RV Ejection Fraction (RVEF) (%) 50 (44, 57) 47-68 

Reduced RVEF n(%) 5 (14.7) - 

Parametric Mapping 

Global native T1 (ms) 
1,31 (1211, 

1268) 
1107-1234 

Global native T2 (ms) 39 (37, 42) 35-44 

ECV (%) 29 (27, 32) <27.4 

1n (%), median (Q1, Q3). BSA=Body surface area, ECV=Extra cellular volume, LV=Left ventricle, 

RV=Right ventricle 

 

 

Table 5-4 Inter-observer variation for T1, T2 and ECV parametric mapping analysis 

Represented as Intra-class correlation coefficients (ICC) calculated as two-way effects 

models for both consistency and agreement (n=10). 

Characteristic ICC Consistency (95% CI) ICC Agreement (95% CI) 

Native T1 (ms) 0.813 (0.414-0.950) p=0.001 0.822 (0.446-0.952) p<0.001 

Native T2 (ms) 0.868 (0.558-0.966) p<0.001 0.828 (0.393-0.956) p=0.001 

ECV (%) 0.874 (0.575-0.967) p<0.001 0.766 (0.036-0.945) p=0.020 
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Figure 5-8 Bland-Altman plots of inter-rater reliability for parametric mapping analysis  

ICC demonstrates “good” reliability for Native T1 (ms):, B: Native T2 Values (ms), and C: ECV Values(%). Differences between raters for each data point are 
plotted against the mean value of measurements. Mean difference between raters indicated by blue dashed lines  with associated 1.96 standard deviations 
indicated by the red dashed lines. (T1 -5.4ms (-56.06, 45.26), T2 1.25ms (-2.32, 4.82) and ECV 2.8% (-2.16, 7.76)).    
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5.4.3 CMR findings in participants with and without left 
ventricular systolic dysfunction 

Table 5-5 displays CMR characteristics of participants grouped by presence 

of normal LVEF and those with LVSD. LVESV/BSA was 32mls/m2 (27, 38) in 

participants with normal LVEF vs 50mls/m2 (39, 64), p < 0.01. Consequently, 

LV stroke volume was 45mls (36, 52) vs 36mls (30-51), p = 0.027 between 

groups.  

Table 5-5 CMR characteristics tabulated by participants with and without LVSD 

CMR 
Characteristic 

No LVSD  

N = 271 

LVSD  

N = 71 
p-value2 

Reference 
Range3 

LV End Diastolic 
Volume/BSA 
(mls/m2) 

80 (65, 89) 82 (69, 110)  0.314 54-94 

LV End Systolic 
Volume/BSA 
(mls/m2) 

32 (27, 38) 50 (39, 64) <0.001 19-40 

LV Stroke 
Volume/BSA 
(mls/m2) 

45 (36, 52) 36 (30, 41)  0.027 21-49 

LV Ejection 
Fraction (%) 

57 (54, 61) 40 (28, 44) <0.001 51-70 

LV Mass/BSA 
(g/m2) 

50 (40, 57) 61 (49, 83)  0.054 35-70 

Cardiac Index 
(mls/min/m2) 

3.11 (2.59, 
3.87) 

2.76 (2.33, 
3.12) 

 0.357 1.8-4.2 

RV End Diastolic 
Volume/BSA 
(mls/m2) 

87 (69, 100) 86 (68, 107) >0.949 53-99 

RV End Systolic 
Volume/BSA 
(mls/m2) 

38 (32, 49) 48 (37, 65)  0.199 17-46 

RV Ejection 
Fraction (%) 

53 (46, 58) 40 (31, 50)  0.003 47-68 

Native T1 (ms) 
1221 (1209, 

1253) 
1252 (1230, 

1275) 
 0.346 1107-1234 

Native T2 (ms) 
39.0 (37.0, 

41.0) 
40.0 (38.0, 

42.0) 
 0.527 35-44 

ECV (%) 
29.0 (27.0, 

31.0) 
33.0 (29.0, 

36.0) 
 0.127 <27.4 

1Median (Q1, Q3) 2Wilcoxon rank sum exact test; Wilcoxon rank sum test. 3Reference range for 

functional indices is based on UK biobank data published by Petersen et al.138 Reference range 
for parametric mapping is based on a local control cohort published by Morrow et al.256 
BSA=Body surface area, ECV=Extra cellular volume, LV=Left ventricle, RV=Right ventricle 
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Figure 5-9 and Figure 5-10 display LVEF and RVEF in participants with LVSD those 

without. The median value of LVEF was 40% (28, 44) vs 57% (54, 61) in 

participants with and without LVSD. Participants with LVSD also had significantly 

reduced RVEF 40% (28, 44) vs 53% (46, 58), p = 0.003 in those with normal LVEF. 

This reduction is below local and national reference ranges for both males and 

females.202  

There were no differences in global native T1 1221ms (1209, 1253) vs 1252ms 

(1230, 1275) p = 0.346, global native T2 39ms (37, 40) vs 40 (38, 42) p = 0.527 

and ECV 29 (27, 31) vs 33 (29, 36), p = 0.127 in patients with normal LV function 

and those with LVSD. Participants with LVSD had global native T1 values and ECV 

values above the local reference range. 

 

Figure 5-9 Left Ventricular Ejection Fraction in participants with and without LVSD at 6-10 
weeks post-hospital discharge 
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Figure 5-10 Right ventricular ejection fraction in participants with and without LVSD at 6-
10 weeks post-hospital discharge 

 

5.4.4 Relationship between left ventricular systolic dysfunction 
and patient, sepsis or discharge characteristics 

Table 5-6 demonstrates the univariate logistic regression analyses exploring the 

ability of patient demographics, illness characteristics and biomarkers to predict 

LVSD 6-10 weeks post-hospital discharge. There was no relationship 

demonstrated with patient characteristics such as age (OR 1.02 (0.95, 1.09) 

p=0.628), frailty (OR 3.20 (0.35, 25.0) p=0.262) or key cardiovascular risk factors 

such as hypertension (OR 2.63 (0.2, 15.5) p=0.986, diabetes (OR 2.3 (0.27, 15.8), 

p=0.280) or smoking (OR 0.58 (0.03, 4.45), p=0.646). There was no relationship 

with illness severity as measured by APACHE II (OR 1.03 (0.93, 1.14) p=0.499) or 

SOFA score (OR 1.14 (0.93, 1.14), p=0.240). There was no association with 

requirement for invasive mechanical ventilation (OR 2.27 (0.42, 13.6) p=0.342), 
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non-invasive ventilation (OR 0.7 (0.42, 13.6), p=0.672), cardiovascular support 

(OR 1.05 (0.18, 8.43), p=0.956) or renal replacement therapy (OR 3.30 (0.52, 

20.4), p=0.190). 

Acute LVSD was the only factor that demonstrated an increase in odds of LVSD at 

follow-up 6-10 weeks post-hospital discharge (OR 7.67, (1.26, 54.5), p=0.030). 

There was no relationship observed between LVSD at 6-10 weeks and ICU LOS 

(OR 1.01 (0.99, 1.11), p=0.166) or hospital LOS (OR 1.01 (1.00, 1.04) p=0.124).  

Log transformed values of NT-proBNP (OR 2.55 (1.33, 7.76) p=0.032) and hs-TnT 

(OR 3.37 (1.21, 13.0) p=0.037) at 6-10 weeks post hospital discharge also 

demonstrated significant ability to predict LVSD at 6-10 weeks post-hospital 

discharge. When categorized into clinically important cut-offs, NTproBNP values 

>400pg/mL at 6-10 weeks post hospital discharge demonstrated association with 

LVSD (OR 19.0, (1.8, 468) p=0.025). 

Table 5-6 Univariate logistic regression of patient demographics, sepsis characteristics, 
cardiovascular injury during ICU and discharge factors and their relationship to reduced left 
ventricular ejection (LVEF%) fraction 6-10 weeks following discharge from hospital 

Patient Characteristics OR 95% CI p-value 

Age (years) 1.02 0.95, 1.09 0.628 

Male Sex 1.24 0.23, 7.31 0.803 

Clinical frailty scale 1.51 0.81, 2.95 0.198 

Clinical frailty score ≥5 3.20 0.35, 25.0 0.262 

Charleson Comorbidity Index 1.07 0.56, 2.01 0.829 

BMI kg/m2 1.00 0.87, 1.13 0.892 

Hypertension 2.63 0.42, 15.5 0.986 

Diabetes 2.30 0.27, 15.8 0.280 

Asthma 0.96 0.04, 8.16 0.972 

Smoking History 0.58 0.03, 4.45 0.646 

Alcohol excess 4.17 0.15, 116 0.337 

Sepsis severity and requirement for organ support 

APACHE II Score 1.03 0.93, 1.14 0.499 

SOFA Score 1.14 0.93, 1.44 0.240 

Required invasive mechanical ventilation 2.27 0.42, 13.6 0.342 

Required NIV or NHF Oxygen 0.70 0.12, 3.75 0.672 

Required CV Support 1.05 0.18, 8.43 0.956 

Required RRT 3.30 0.52, 20.4 0.190 
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Cardiac injury or dysfunction during ICU admission 

Acute LV dysfunction in ICU 7.67 1.26, 54.5 0.030 

Acute ECG changes in ICU 4.31 0.65, 28.6 0.119 

Peak hs-TnT (pg/mL) 1.00 1.00, 1.00 0.293 

Peak CRP (mg/L) 1.01 1.00, 1.01 0.124 

Peak Lactate (mmol/L) 1.06 0.79, 1.35 0.639 

ICU Discharge and follow-up data 

ICU length of stay (Days) 1.04 0.99, 1.11 0.166 

Hospital length of stay (Days) 1.01 1.00, 1.04 0.124 

Log NTproBNP (pg/ml) at ICU discharge 1.67 1.02, 3.29 0.077 

Log hs-TnT (pg/ml) at ICU discharge 1.73 0.83, 3.98 0.159 

Log NTproBNP (pg/ml) 6-10 weeks post-
hospital discharge 

2.55 1.33, 7.66 0.032 

Log hs-TnT (pg/ml) 6-10 weeks post-hospital 
discharge 

3.37 1.21, 13.0 0.037 

BNP Level 6-10 weeks post-hospital discharge     

    NT-proBNP <125pg/ml — — — 

    NT-proBNP 125-399pg/ml 0.90 0.04, 8.53 0.935 

    NTproBNP >400pg/ml 19.0 1.80, 468 0.025 

Abbreviations: CI = Confidence Interval, OR = Odds Ratio. APACHE=Acute physiology and chronic health 
evaluation, CRP=C reactive protein, ECG=Electrocardiogram, hs-TnT=High sensitivity troponin T, 
ICU=intensive care unit, NHF=Nasal high flow, NIV=Non-invasive ventilation, NT-proBNP=N terminal pro-
B-type natriuretic peptide, CV, RRT, SOFA 

 

5.4.5 Relationship of left ventricular ejection fraction and illness 

severity or duration of hospital admission 

Table 5-7 displays univariate linear regression analyses exploring the association 

between patient and illness characteristics, key clinical biomarkers of cardiac 

injury and dysfunction, and LVEF. There were significant associations with 

severity of illness scores, duration of organ support and with biomarkers of 

injury and dysfunction both at the time of ICU discharge and at 6-10 weeks post-

hospital discharge. 

5.4.5.1 Illness severity scores 

In terms of ability to predict LVEF at 6-10 weeks post-hospital discharge, there 

was no statistically significant association with APACHE score (β=-0.27 (-0.67, 

0.13) p=0.200). SOFA score demonstrated a significant ability to predict LVEF(%) 

6-10 weeks post-hospital discharge (Figure 5-11 Association of SOFA score on ICU 



145 

admission and LVEF (%) at 6-10 weeks post-hospital dischargeFigure 5-11), β=-

0.99 (-1.8, -0.16), p=0.027 with a moderately negative correlation between 

values (r = -0.38, p = 0.03). 

Table 5-7 Univariate linear regression models of continuous variables and their relationship 
to LVEF.  

There are significant relationships with LVEF and biomarkers of cardiovascular injury and 
dysfunction at both discharge from ICU and 6-10 weeks post hospital discharge 

Illness severity and duration of organ 
support 

Beta 95% CI 
p-

value 

APACHE II Score -0.27 -0.67,  0.13  0.200 

SOFA Score -0.99 -1.80, -0.16  0.027 

Duration of mechanical ventilation (days) -0.41 -0.69, -0.14  0.010 

Duration of cardiovascular support (days) -0.57 -0.97, -0.17  0.010 

Duration of RRT (days) -0.70 -1.00, -0.38 <0.001 

Peak Lactate mmol/L) -0.78 -1.80,  0.28  0.158 

Length of ICU and hospital stay 

ICU length of stay (days) -0.34 -0.54, -0.14  0.002 

Hospital length of stay (days) -0.11 -0.18, -0.04  0.003 

Biomarkers at time of ICU discharge 

log NT-proBNP at time of ICU discharge 
(pg/mL) 

-1.7 -3.2, -0.13  0.042 

log hs-TnT at ICU discharge (pg/mL) -2.1 -5.1, 0.84  0.169 

CRP at ICU Discharge (mg/L) 0.01 -0.02, 0.04  0.485 

Biomarkers at 6-10 weeks post hospital discharge 

log NT-proBNP at 6-10 weeks post-
hospital discharge (pg/mL) 

-3.1 -4.7, -1.5  0.001 

log hs-troponin at 6-10 weeks post-
hospital discharge (pg/mL) 

-5.8 -9.4, -2.1  0.004 

CRP at 6-10 weeks post-hospital discharge 
(mg/L) 

-0.03 -0.48, 0.43 0.913 

APACHE=Acute Physiology and Chronic Health Evaluation,  CI = Confidence Interval, CRP=C reactive 
protein, hs-TnT = high sensitivity Troponin T, ICU=Intensive care unit, NT-proBNP=N-terminal pro-B type 
natriuretic peptide, RRT= Renal replacement therapy, SOFA=Sequential organ failure assessment.  
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Figure 5-11 Association of SOFA score on ICU admission and LVEF (%) at 6-10 weeks post-
hospital discharge  

SOFA score demonstrated significant ability to predict LVEF (%) at follow-up, with 
corresponding moderately negative correlation between values. 

5.4.5.2  Duration of organ support 

Linear relationships were demonstrated with duration of mechanical ventilation 

(β -0.41 (-1.80, 0.16), p=0.010), cardiovascular support (β -0.57, (-0.97, -0.17), 

p=0.010) and duration of renal replacement therapy (β -0.70 (-1.00, -0.38), 

p<0.001) in participants who received these therapies. However, on visual 

inspection (Figure 5-12-Figure 5-14) the models of duration of mechanical 

ventilation, cardiovascular support and RRT were likely influenced by significant 

outliers. Goodness of fit testing demonstrated these predictor variables were not 

normally distributed, and only duration of cardiovascular support was robust on 

across all quantiles of scaled residuals. Thus, the predictive value of these 

models should be interpreted with caution.  
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Figure 5-12 Relationship of LVEF (%) and duration of mechanical ventilation (days) 

 

Figure 5-13 Relationship of LVEF (%) and duration of cardiovascular support (days) 
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Figure 5-14 Relationship of LVEF (%) and duration of renal replacement therapy (days) 

 

5.4.5.3 ICU and Hospital length of stay 

Similar associations were seen with hospital (β -0.34 (-0.54, 0.14), p=0.002) and 

ICU (β -0.11, (-0.18, -0.04), p=0.003) LOS, but were potentially influenced by 

outliers with prolonged ICU or hospital stay (Figure 5-15). Again, visual 

inspection demonstrated significant outliers. Overall goodness of fit-testing and 

assessment of scaled residuals demonstrated only ICU length of stay had 

consistent ability to predict LVEF (%). Nonetheless, the degree of skew means 

these models must also be interpreted with caution. 
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Figure 5-15 Relationship of LVEF (%) with length of stay 

ICU (A) and hospital (B) length of stay (days). Although there are significant correlations 
that align with regression modelling, these are likely to be influenced by outliers who had 
prolonged length of stay. 
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5.4.6 Relationship between LVEF and biomarkers of 
cardiovascular dysfunction and injury 

There were linear associations between LVEF and log-transformed values of NT-

proBNP (Figure 5-16), both at ICU discharge (β -1.7 (-3.2, -0.13), p=0.042), and 

at 6-10 weeks post hospital discharge (β=-3.1 (-4.7, -1.5), p<0.001). Whilst log 

NT-proBNP on ICU discharge had a linear association with LVEF at follow-up 

visits, values demonstrated a weak correlation (r = -0.32, p = 0.042). Log 

transformed NT-proBNP values at follow-up 6-10 weeks post hospital discharge 

on the other hand demonstrated a moderate correlation in values (r = -0.56, 

p<0.001). 

There was no significant relationship between log transformed values of hs-TnT 

(Figure 5-17) at ICU discharge (β -2.1 (-5.1, 0.84), p=0.169), neither was there 

significant correlation in values (r = -0.24, p = 0.17). However at 6-10 weeks 

post-hospital discharge, log hs-TnT was predictive of LVEF (β -5.8 (-9.4, -2.1), 

p=0.004), with moderately correlated values (R =-0.48, p=0.004). 
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(A) 

 

(B) 

 

Figure 5-16 Relationship of LVEF (%) at 6-10 weeks post ICU discharge and NT-proBNP in 

study participants 

There were significant associations between NTproBNP both at ICU discharge (A) and at 6-

10 weeks post-hospital discharge (B). 
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(A) 

 

(B) 

 

Figure 5-17 Relationship of LVEF(%) at 6-10 weeks post ICU discharge and hs-TnT in study 
participants  

Hs-TnT values on ICU discharge were not significantly predictive of LVEF (%), however hs-
TnT at 6-10 weeks demonstrate significant ability to predictive LVEF (%) at the same 
timepoint. Hs-TnT values and LVEF(%) at 6-10 weeks post-hospital discharge are 
moderately correlated (r= -0.48, p<0.001). 
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5.4.7 Reduced right ventricular systolic function 

Five patients (14.7%) had RVSD. Table 5-5 CMR characteristics tabulated by 

participants with and without LVSDTable 5-8 displays CMR characteristics of 

participants grouped by presence of RVSD and those without. RVEF was 52% (47, 

58) vs 38% (31, 40) in respective groups. Participants with RVSD had reduced 

LVEF 38% (28, 44, p<0.01) vs 56% (53, 61) compared to those without RVSD.  

Table 5-8 CMR characteristics tabulated by participants with normal and reduced RVEF 

CMR Characteristic 
No RVSD  

N = 291 

RVSD  

N = 51 

p-
value2 

Reference 
Range 

LV End Diastolic 
Volume/BSA (mls/m2) 

83 (65, 92) 69 (58, 82) 0.539 54-94 

LV End Systolic 
Volume/BSA (mls/m2) 

33 (28, 42) 42 (39, 50) 0.135 19-40 

LV Stroke 
Volume/BSA (mls/m2) 

45 (37, 52) 30 (28, 31) 0.002 21-49 

LV Ejection Fraction 
(%) 

56 (53, 61) 38 (28, 44) 0.002 51-70 

LV Mass/BSA (g/m2) 52 (41, 58) 52 (44, 71) 0.741 35-70 

Cardiac Index 
(mls/min/m2) 

3.11 (2.65, 3.87) 2.61 (2.33, 2.80) 0.080 1.8-4.2 

RV End Diastolic 
Volume/BSA (mls/m2) 

87 (74, 100) 68 (58, 87) 0.338 53-99 

RV End Systolic 
Volume/BSA (mls/m2) 

46 (33, 53) 37 (33, 41) 0.827 17-46 

RV Ejection Fraction 
(%) 

52 (47, 58) 38 (31, 40) <0.001 47-68 

Native T1 (ms) 
1231 (1209, 1268) 1230 (1213, 1267) 0.876 1107-1234 

Native T2 (ms) 
39.0 (37.0, 42.0) 39.0 (38.0, 40.0) 0.547 35-44 

ECV (%) 
29.5 (27.0, 32.0) 29.0 (26.0, 32.0) 0.707 <27.4 

1Median (Q1, Q3)2Wilcoxon rank sum exact test; Wilcoxon rank sum test. 3Reference range for functional indices is 
based on UK biobank data published by Petersen et al.138 Reference range for parametric mapping is based on a local 
control cohort published by Morrow et al.256 BSA=Body surface area, ECV=Extra cellular volume, LV=Left ventricle, 
RV=Right ventricle 

5.5 Discussion 

This chapter presents CMR findings at 6-10 weeks post-hospital discharge for 34 

patients admitted to intensive care with sepsis and their associations with 

patient demographics, illness characteristics, and key cardiac biomarkers on ICU 

discharge and at the time of CMR imaging. To the authors knowledge, this is the 
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first presentation of CMR findings from prospectively recruited patients in this 

population. 

There was a high prevalence of LVSD in ICU survivors of sepsis. The observed 

prevalence of 20.6% is much higher than that observed in large general 

population datasets where the overall prevalence is between 1-3%.237 259 This 

prevalence is much more akin to populations with traditional cardiovascular risk 

factors where the risk of heart failure is much higher. For example, in patients 

with type II diabetes, prevalence of heart failure has been recorded in excess of 

20% and in patients with hypertension the lifetime risk of heart failure is 

estimated at approximately 8%.260 261 This raises the concept of sepsis as a non-

traditional cardiovascular factor and is in keeping with observational data 

demonstrating higher incidence of adverse cardiovascular outcomes following an 

episode of sepsis.105 106 

The prevalence of acute (in ICU) LV dysfunction (24%), diagnosed by 

echocardiography, is in keeping with prior studies of LV dysfunction during sepsis 

in intensive care where prevalence has been reported from 10-70%.162 189  The 

presence of LV dysfunction at follow-up was associated with this acute cardiac 

dysfunction. Previously, acute LVSD in sepsis, so-called ‘septic cardiomyopathy’ 

was felt to be reversible in nature. Whilst there is often a resolution of cardiac 

dysfunction during convalescence, it may be that the implications are further 

reaching than previously thought. Indeed, it is not clear in this study whether 

the LVSD observed at follow-up simply reflects the nadir of LVEF(%) following 

intensive care admission or whether this represents the early stages of a 

subsequent decline. 

There were also associations between biomarkers of cardiac dysfunction such as 

NT-proBNP during sepsis episodes and at follow-up.  NTproBNP has been 

independently associated with increased mortality in patients following 

admission to critical care.151 Similarly in populations with acute decompensated 

heart failure, there is association between NT-proBNP at discharge and adverse 

follow-up outcomes such as readmission.262 263 In chronic heart failure, the 

diagnostic and prognostic significance of NT-proBNP has led to its widespread 

adoption in clinical guidelines.125 The association of NT-proBNP values at follow-

up and LVSD in ICU survivors, support the hypothesis that it may be potentially 
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useful in prognostication and stratification of ICU survivors that may be at risk of 

future cardiac events. Similarly, the association of high sensitivity troponin and 

LVSD aligns with data in the general populations that increased troponin values 

are associated with adverse cardiovascular outcomes.148 

On exploring potential mechanisms, none of the participants with LVSD had 

localised scar to suggest a significant acute coronary syndrome. Instead, LV 

function was globally impaired, indicating a more diffuse process. Global native 

T1 values were elevated and ECV values were above local reference ranges. 

Whilst these values are not diagnostic of myocardial fibrosis, it may be that 

sepsis leads to long term cardiac remodelling and subtle fibrosis, predisposing to 

long-term cardiovascular dysfunction. There are numerous proposed mechanisms 

of chronic cardiovascular dysfunction following sepsis including ongoing chronic 

inflammation and neurohormonal changes which could help explain some of 

these results.107 Indeed, the hypothesis that chronic inflammation causes chronic 

cardiovascular dysfunction is intriguing and will be explored further in the next 

chapter. Similarly, there are multiple features of intensive care admission with 

sepsis that could mechanistically exacerbate cardiac injury and dysfunction 

including: vasoactive medications, de-prescription of guideline-directed medical 

therapy, severity of illness and potentially injurious forms of organ support.184 

There were some associations with duration of organ support and LVSD, which 

support this hypothesis. Furthermore, there was a linear relationship between 

SOFA score on admission and LVEF (%) at follow-up which further supports this 

hypothesis. 

The prospective nature of recruitment prior to ICU discharge, and its embedded 

nature within a wider biomarker study ensured we minimised so-called healthy 

user bias as much as possible, where participants who felt less able were less 

likely to attend if recruited at a later date. Nonetheless, as demonstrated in the 

previous chapter, the significant attrition rate although aligned with other ICU 

survivor populations may skew the results towards a lower prevalence of cardiac 

dysfunction. As demonstrated in Ch 4, participants who did not attend CMR 

follow-up had an even higher median value of NT-proBNP. 
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5.5.1 Limitations 

There are limitations to the study. In its design, a key objective was to exclude 

patients with prior cardiovascular disease. Nonetheless, without key diagnostic 

tests before sepsis such as echocardiography or coronary angiography it is 

impossible to completely exclude participants who may have had a prior 

asymptomatic chronic heart failure or ischaemic heart disease before their 

sepsis admission. The high prevalence of LV dysfunction in survivors may have 

clinical significance in that many of these patients may not have had specific 

follow-up and the opportunity to have institution of guideline directed medical 

therapy, if appropriate.264 

One further limitation is the timepoint around follow-up. This study was 

designed to pragmatically assess patients at a point in their recovery journey 

that aligns with local post ICU follow-up.210 265 Despite similar follow-up times 

observed from point of hospital discharge, there is a much wider variation in 

length of hospital stay and as such this may unbalance the distribution of  

findings seen on CMR imaging.  

Lastly, due to the number of participants any models are relatively vulnerable to 

outliers, unmeasured confounders and should be interpreted with caution. 

Nonetheless, efforts have been made to assess for limitations in predictive 

ability and ensure no excess contribution of outlier values. 

5.6 Conclusion 

The results presented in this chapter demonstrate a high prevalence (20.6%) of 

LVSD at 6-10 weeks following hospital discharge in a cohort of 34 ICU survivors 

without prior known heart failure or ischaemic heart disease who were admitted 

with sepsis. LVSD was associated with organ dysfunction and correlated with 

biomarkers of cardiovascular injury (hs-TnT) or dysfunction (NT-proBNP) at 6-10 

weeks post-hospital discharge. The findings support the hypothesis that sepsis 

may be a non-traditional risk factor for chronic cardiovascular disease and ICU 

survivors of sepsis may be an at-risk cohort



Chapter 6 Biomarkers of cardiac dysfunction, 
injury and inflammation in ICU survivors of 
sepsis 

6.1 Introduction 

This chapter presents the biomarker analysis of study participants. It will provide 

a brief discussion of key biomarkers of cardiac dysfunction and inflammation 

utilised in the study, describing their rationale for inclusion. The chapter will 

then describe the methodology for obtaining samples and the approach to 

statistical analysis. Biomarkers of cardiac function and inflammation are 

presented and subsequently tabulated by presence of left ventricular systolic 

dysfunction (LVSD) on CMR at 6-10 weeks following hospital discharge. 

Associations between key biomarkers and clinically relevant outcomes are 

described. Finally, the chapter will discuss the interpretation of the findings in 

the context of the participant population and the broader implications for other 

ICU survivors of sepsis. 

6.1.1 Biomarkers of cardiovascular dysfunction and injury 

6.1.1.1 N-terminal pro-B-type natriuretic peptide (NT-proBNP)  

N-terminal pro-B-type natriuretic peptide (NT-proBNP) and B-type natriuretic 

peptide (BNP) have been cornerstones in the diagnosis and management of 

chronic heart failure for decades.125 150 258 BNP is synthesised in ventricular 

myocardium and stored in small amounts within cytosolic granules. Stimulated 

predominantly by myocardial wall stress, the pre-hormone (proBNP) is released 

into the bloodstream where it is cleaved into the 32 amino acid, BNP and the 

biologically inactive 76 amino acid N-terminal fragment, NT-proBNP (Figure 6-1) 

in relatively equal amounts.222  BNP exhibits a number of active neurohormonal 

effects by causing increased cGMP production, ultimately causing natriuresis and 

diuresis, peripheral vasodilatation and inhibition of the renin-angiotensin-

aldosterone system (RAAS).222 Whilst BNP has a half-life of around 20 minutes 

and is cleared by binding to natriuretic peptide receptors and subsequent 

proteolysis, NT-proBNP is renally excreted and has a half-life of approximately 

120 minutes. As such, blood concentrations of NT-proBNP are typically much 

higher.222 
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Figure 6-1 Illustration of BNP and NT-proBNP synthesis, release and receptor interaction  

Upon release into circulation proBNP is cleaved into BNP and NT-proBNP in equimolar 
proportions. Interaction of BNP and the natriuretic peptide receptor type A (NPR-A) mediate 
the biological effects of BNP via an intracellular cGMP increase. Figure from Weber, M. and 
C. Hamm (2006).222 Reproduced with permission from BMJ group. 

  

In the diagnosis of chronic heart failure, The European Society of Cardiology 

(ESC) recommend a threshold of NT-proBNP >125pg/mL, beyond which further 

assessment is advised with echocardiography to evaluate and phenotype heart 

failure if present. In the UK, the national institute for clinical excellence (NICE) 

supports a higher threshold of >400pg/mL, with the cut-off supported by cost-

benefit analysis. NICE also suggests that patients in the outpatient setting with 

NT-proBNP values >2000 pg/mL undergo echocardiography within 2 weeks, in 

keeping with longstanding evidence that higher NT-proBNP values confers a 

poorer prognosis in patients with heart failure.150 266   

In acute decompensated heart failure (ADHF), increases in NT-proBNP are also 

associated with a greater risk of mortality, with the corresponding risk of a 

magnitude that is greater in comparison to patients with de-novo chronic heart 

failure presentations. Not only is the mortality risk higher in ADHF versus de-

novo chronic heart failure, mortality risk increases in both groups with 

increasing NT-proBNP values.267 
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In patients with critical illness, NT-proBNP has been associated with an increased 

risk of mortality following discharge from intensive care, although can at times 

be non-specific and elevated in in patients without cardiac disease.151 268 

Given the prognostic implications in patients with heart failure (both acute and 

chronic) and its association with mortality following critical illness, NT-proBNP 

serves as a key biomarker in evaluating myocardial stress in this study 

population. 

6.1.1.2 High sensitivity troponin T (hs-TnT) 

High-sensitivity troponin T (hs-TnT) is used to detect myocardial necrosis and has 

been widely adopted in the universal definitions of myocardial infarction.144  

Often rising above the 99th centile within hours of presentation, increases 

beyond this threshold - in persons with concomitant ischaemic changes on 

electrocardiography (ECG) or clinical features of an acute coronary syndrome - 

are likely to be due to myocardial infarction or necrosis.269 Hs-TnT can also be 

elevated secondary to chronic myocardial injury, and as such it is often a 

significant change from baseline Hs-TnT values that is required to diagnose acute 

infarction. Nonetheless, its sensitivity and significant change in response to 

acute necrosis allows us to differentiate between acute and chronic injury. 

Elevated troponin is common in patients with critical illness and sepsis.146 270 271 

Some of these elevations may reflect “type 2” myocardial infarctions where pre-

existing coronary disease or other haemodynamic factors lead to oxygen supply-

demand mismatch during periods of physiological stress.144 There is also an 

increased risk of thrombotic events in sepsis. As such, classical ‘type I’ 

myocardial infarctions due to thrombus formation are relatively common.272 It is 

perhaps unsurprising then, that regardless of the mechanism of injury by which 

myocardial injury occurs, raised troponin values are associated with increased 

mortality risk in critical illness populations.114 273 

6.1.2 Biomarkers of renal dysfunction and cardiovascular events 

Acute kidney injury (AKI) is common in critical illness and sepsis, and is 

associated with an increased risk of adverse cardiovascular events.274 This risk 

has recently been demonstrated in Scottish populations who have survived 
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critical illness, where AKI was associated with an increased risk of myocardial 

infarction following discharge.275 

The Kidney Disease Improving Global Outcomes (KDIGO) Work Group guidelines 

recommend estimation of glomerular filtration rate (eGFR) using biochemical 

markers such as creatinine or cystatin C to grade severity of chronic kidney 

disease.225 Creatinine is a molecule produced predominately by skeletal muscle 

and filtered by the kidney. Increased levels may be reflective of acute kidney 

injury or chronic kidney disease depending on clinical presentation. However, 

there are multiple issues that limit the interpretation of creatinine as it is often 

significantly affected by muscle mass, which in turn is interrelated with many 

patient characteristics including age, sex and ethnicity.225 

Cystatin C is an alternative renal biomarker which bears many similarities to 

creatinine in that it is filtered relatively unchanged by the kidney and can be 

used to estimate kidney function.  However, rather than being produced by 

muscle, it is released by all nucleated cells and can be used to estimate kidney 

function independent of age, gender, ethnicity and muscle mass.224 Cystatin C 

has shown to be more effective at predicting risk of fatal and non-fatal 

cardiovascular events, as well as all-cause mortality and is increasingly featured 

in international guidelines such as those produced by KDIGO.217 

6.1.3 Biomarkers of inflammation and their role in heart failure 
pathophysiology 

There are multiple biomarkers of inflammation that have been implicated in the 

pathogenesis of heart failure. The relationship between inflammation and 

evolution of chronic cardiovascular disease has been recognised for decades and 

is both complex and bi-directional.276 277 Chronic risk factors such as obesity, 

diabetes or hypertension likely trigger low grade release of a chronic array of 

cytokines such as Tumour Necrosis Factor-alpha (TNF-α), high sensitivity C-

Reactive protein (hs-CRP) and IL-1β. Endovascular inflammation leads to a 

reduction in nitric oxide availability which in turn can lead to reactive oxygen 

species, stiffness of cardiomyocytes and myocardial collagen deposition.107 277 
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Ongoing activation of the innate immune system in heart failure leads to further 

chronic inflammation.278 Toll-like receptors (TLRs) such as TLR4 expressed in 

abundance in cardiac myocytes, recognise specific damage-associated molecular 

proteins (DAMPs) and pathogen associated molecular proteins (PAMPs) which are 

derived from damaged host cells and pathogens.278 The release of DAMPs and 

PAMPs may be induced by exogenous or endogenous stressors such as ischaemia 

and/or sepsis. This ultimately leads to an upregulation of pro-inflammatory 

cytokines such as TNF-α, Interleukin-1β (IL-1β), Interleukin-6 (IL-6) and 

Interleukin-10 (IL-10). In the short-term, this may be a cardio-protective 

response, but in the long-term it can lead to upregulation of inflammation, free 

radical mediated damage of vascular endothelium, alterations to RAAS signalling 

and further cardiomyocyte remodelling.279 In animal models, these pathways 

have been associated with marked reductions in myocardial contractility, whilst 

blockade results in reduced measures of the inflammatory response.280 

Many of these pathways have been targeted in clinical trials with little success, 

with some trials of high intensity blockade of cytokines such as TNF-α 

demonstrating harm.113 However, there has been modest success in trials of IL1-

β blockade, where reductions in adverse cardiovascular events (myocardial 

infarction, stroke and cardiovascular death) were observed in patients with 

previous myocardial infarction and hs-CRP >2mg/L.111 Specifically, significant 

reductions in hospitalisation for heart failure were observed in subgroup who 

achieved a hs-CRP <2mg/L during the trial period.200  

These conflicting results demonstrate the complexity of the inflammatory 

response in heart failure and its pathogenesis. Nonetheless, the hypothesis that 

chronic low-grade inflammation plays a key role in chronic cardiovascular 

disease is compelling. Multiple large epidemiological studies demonstrate the 

relationship of markers of inflammation such as hs-CRP with adverse 

cardiovascular events.226 281 There are clear associations with sepsis admission 

and long-term adverse cardiovascular events such as myocardial infarction, 

stroke and heart failure admission.105 There is significant overlap in the 

conceptual framework that underpins the persistent inflammation and 

catabolism identified following sepsis and the inflammatory processes that 

contribute to chronic cardiovascular disease.282 
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Thus, whilst examining for objective evidence of cardiac dysfunction following 

sepsis, it is prudent to examine the associations with key cytokines associated 

with the pathogenesis of chronic cardiovascular dysfunction.  In doing so, this 

chapter explores causal mechanisms of cardiovascular dysfunction identified in 

the study population, and the interrelated pathophysiological processes 

associated with sepsis, recovery and evolution of chronic cardiovascular disease. 

6.2 Methods 

The overall aims, structure of the study and methodologic approach has been 

described in detail in Chapter 3. In short, survivors of sepsis with no prior 

cardiac disease or immune dysfunction were recruited at the point of ICU 

discharge and followed up 6-10 weeks following discharge from hospital, where 

they underwent CMR imaging, biomarker analysis and completed a series of 

patient reported-outcome questionnaires. Associations of cardiovascular, renal 

and inflammatory biomarkers were explored to investigate the hypothesis that 

relationships between cardiovascular dysfunction and inflammation may persist 

during convalescence from critical illness. 

6.2.1 Sample collection and laboratory protocol 

After informed consent was obtained, the recruiting research fellow assigned 

participants with an anonymised study ID which could be used for the purposes 

of CMR imaging and biomarker analysis. Blood samples were collected at the 

time of recruitment (at the point of ICU discharge) and again at participants’ 

follow-up visit (6-10 weeks post-hospital discharge) which occurred at the 

Clinical Research Facility5 on the Queen Elizabeth University Hospital (QEUH) 

campus and adjacent to the imaging centre of excellence. The full laboratory 

protocol is included in Appendix 8. 

At sample collection, research fellows collected blood in 2 x 4ml serum 

separation tubes (SST) and 2 x 4ml ethylenediaminetetraacetic acid (EDTA) 

tubes, ensuring samples were labelled with pre-prepared barcodes that 

indicated the study participant numbers allocated at recruitment. All samples 

 
5 Clinical Research Facility, Institute of Neurological Sciences, 1345 Govan Road, Glasgow, G51 

4TF 
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were secured in pre-prepared envelopes and transferred to the NHS Greater 

Glasgow and Clyde Biorepository6 where they were aliquoted into pre-labelled 

1.5ml cryovials by biorepository staff on the day of collection.  SST samples were 

centrifuged at 1500G at 4°C for 10 minutes prior to aliquoting. All samples were 

then stored in a -80°C freezer in labelled study boxes to ensure they could be 

batch analysed at a later date or stored for further analysis pending further 

ethical approval. 

Samples subsequently underwent batch analysis at the Glasgow Biomarkers 

Research Unit (GlasBRU)7 at the University of Glasgow. 

6.2.2 Outcome measures 

Samples were analysed for levels of key cardiovascular biomarkers, hs-TnT and 

NT-proBNP. NTproBNP was assessed as a continuous variable, and also by 

established thresholds (<125, 126-399 and >400pg/ml) given the importance of 

these thresholds in UK and international guidelines for diagnosis and 

management of chronic heart failure.125 258 

On an exploratory basis, samples were tested for biomarkers of renal function 

associated with adverse cardiovascular outcomes: Cystatin-C and Creatinine; as 

well as Ca-125 which has been associated with venous congestion.217 283 To 

explore the relationship between cardiac dysfunction and inflammation, samples 

were analysed for biomarkers of systemic inflammation and specific cytokines 

that have been implicated in heart failure and other cardiovascular diseases 

(Ferritin, hs-CRP, IL-1β, IL-6, IL-8 , IL-10, TNF-α).277 

Lastly, samples were analysed for Mid-Regional-pro Adenomedullin (MR-proADM), 

a compound initially discovered in patients with phaeochromocytoma that exerts 

vasodilatory and positively inotropic effects on the cardiovascular system.284 It 

has been shown to independently predict adverse outcomes in both sepsis and 

heart failure.218 285 

 
6 NHS Greater Glasgow and Clyde Biorepository, Level 3, Laboratory Medicine Building, Queen 

Elizabeth University Hospital, 1345 Govan Road, Glasgow, G51 4TF 

7 Glasgow Biomarker Research Unit, British Heart Foundation Glasgow Cardiovascular Research 
Centre (GCRC), 126 University Place, Glasgow, G12 8TA 
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6.2.3 Statistical analysis 

All statistical analyses were performed using R software (version 4.4.3, 

http://www.r-project.org) by the author of this thesis with support from an 

experienced statistician.  

Data are presented as median (Q1, Q3) or proportion (%). Linear or logistic 

regression models are presented as β values or odds ratios with 95% CI. Median 

values of all biomarkers are tabulated in summary tables, with values 

representative of the overall cohort at recruitment (at the time of ICU 

discharge) and follow-up (6-10 weeks post-hospital discharge) time-points. 

Median values across both time-points are shown using violin plots to describe 

trends and distribution of values in the population over time. Where biomarkers 

contained left-censored values beyond established laboratory cut-offs (e.g. IL-1B 

<0.8pg/mL), tobit regression was used to ensure accurate medians that took 

account of the left-censoring.286 

To explore associations with biomarkers of left ventricular systolic dysfunction 

(LVSD), patient demographics and potential inflammatory mechanisms, values 

were tabulated by an ‘LVSD group’ and ‘No LVSD’ group and median values 

compared using Mann-Whitney U Test or Kruskall-Wallis tests as appropriate.  

To further explore mechanistic associations with LVSD, univariate logistic 

regression models were constructed to explore its relationship with: biomarkers 

of cardiovascular dysfunction, renal function and inflammation. Where values of 

predictor variables demonstrated significant rightward skew such that regression 

model assumptions were likely to be violated, values were log transformed and 

reassessed for goodness of fit. 

Given the association of NT-proBNP with LVSD and left ventricular ejection 

fraction (LVEF) in the previous chapter - and its key role in heart failure 

diagnosis and management – univariate linear regression models were 

constructed to explore the ability of key demographics, illness characteristics 

and biomarkers of cardiac dysfunction, renal impairment and inflammation study 

to predict NT-proBNP values at 6-10 weeks post-hospital discharge.  

http://www.r-project.org/
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The distribution of NTproBNP values were visually inspected for normality and 

tested using the Shapiro-Wilk test.287 Due to the inherent qualities of biomarkers 

in common clinical practice, the distribution of NT-proBNP at follow-up was 

anticipated to be non-parametric due to rightward skew.  

Due to violations of overall goodness-of-fit, data were further interrogated by 

creation of Cullen-Frey plots to assess for skew and kurtosis that may later 

affect data modelling.288 This confirmed significant right skew and extreme 

kurtosis, and as such ‘raw’ NT-proBNP values were subsequently log transformed 

for use as an outcome variable. This resulted in significant reductions in the 

Shapiro-Wilk test and significant reductions in skew and kurtosis. Univariate 

linear regression models were then constructed to assess the association 

between log transformed NT-proBNP values at follow-up visits and key 

participant demographics, illness characteristics, and other cardiovascular and 

inflammatory biomarkers. Lastly, logistic and cumulative regression models were 

constructed to evaluate the ability of key patient demographics or illness 

characteristics to predict key diagnostic NT-proBNP thresholds that are widely 

established in national and international guidelines (≤125, 126-400 and 

>400pg/mL, or ≤400 vs >400pg/mL).125 258 

Given the limited size of the dataset (n=34) and significant skew of many of the 

other biomarkers, all models were plotted and visually inspected. Spearman or 

Pearson correlation coefficients were calculated as appropriate to explore the 

strength of correlation between continuous variables.   

With all linear, logistic or cumulative regression models that demonstrated 

statistical significance, models were further validated by QQ plots of model 

residuals and overall goodness-of-fit diagnostics as described in Chapter 3.6. 

Simulated data was built based on the models and the cumulative density 

function calculated for residuals. Observed residuals are then scaled in 

comparison to distribution simulated residuals, such that the distribution of 

residuals can be assessed across quantiles, ensuring models were predictive 

across the full range of values. This model validation was undertaken using the 

‘DHARMa’ package in R software (version 4.4.3) and is described in Chapter 3.239 
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6.3 Results 

6.3.1 Overall biomarkers at recruitment and 6-10 weeks post 
hospital discharge 

Overall values of cardiac, renal and inflammatory biomarkers for the study 

cohort as a whole are displayed in Table 6-1. Median values of biomarkers 

measured in the study are also depicted as violin plots in Figure 6-2 - Figure 6-6. 

Note the y axes in these plots are logarithmic, with many of the biomarkers 

exhibiting significant rightward skew, often with tails extending well above the 

median. Nonetheless, these plots allow overall trends in the distribution to be 

appreciated 

At recruitment, median NT-proBNP values were 1446 pg/ml (306, 4115), hs-TnT 

19 pg/ml (12, 57), Ca125 37.89u/ml (19.43, 57.37) and MR-proADM 0.56nmol/L 

(0.42, 0.78), all out with the population reference ranges. At 6-10 weeks post-

hospital discharge (Figure 6-2, Figure 6-3), values of these biomarkers trended 

back to within normal reference ranges, NT-proBNP 111 pg/ml (44, 157), hs-TnT 

7 pg/ml (6, 12), Ca-125 12 u/ml (8, 17) and MR-proADM 0.56 nmol/l (0.42, 0.78). 

In terms of renal function, median values were within normal limits throughout 

the duration of the study for Creatinine 66 umol/l (49, 91) to 58 umol/l (50, 84), 

and Cystatin C values 0.78mg/l (0.54, 1.04) to 0.81mg/l (0.63, 1.12). The values 

and distribution of renal biomarkers across the study duration are depicted in 

Figure 6-4. 

There were elevated values of hs-CRP (78.62mg/L (17.77, 147.94)), Procalcitonin 

(0.49ng/mL (0.19, 1.92)), TNF-α (20.45pg/mL (15.60, 30.90)), IL-1β (1.56), IL-6 

(25.1pg/mL (12.9, 66.7)) and IL-8 (15.35pg/mL (9.15, 26.80)) at recruitment. 

Values of hs-CRP (1.71mg/L (0.88, 5.85)) and  TNF-α (15.9pg/mL (12, 21.2)) 

remained elevated above reference range at follow-up 6-10 weeks following 

hospital discharge (Figure 6-6). The remaining inflammatory biomarkers reduced 

to within normal range at follow-up. 



Table 6-1 Overall biomarkers at recruitment and 6-10 weeks post-hospital discharge 

Biomarker Recruitment (ICU discharge) 

N = 501 

6-10 weeks post-hospital discharge 

N = 341 

Reference Range 

Cardiovascular  

  NT-proBNP pg/ml 1,446 (306, 4115) 111 (44, 157) <125 2,3  

  hs TnT pg/ml 19.30 (12.17, 56.96) 7.13 (6.61, 12.31) <14 2,4 

  Ca 125 u/ml 37.89 (19.43, 57.37) 11.79 (7.66, 16.86) <35 2 

  MR-proADM nmol/L 1.14 (0.68, 1.83) 0.56 (0.42, 0.78) <0.55 2 

Biomarkers of renal function  

  Creatinine umol/l 66 (49, 91) 58 (50, 84) 45-104 2,5 

  Cystatin C mg/l 0.78 (0.54, 1.04) 0.81 (0.63, 1.12) 0.61-0.95 2 

Biomarkers of inflammation  

  Ferritin ug/l 217.95 (113.2, 437.1) 42.4 (14.10, 12.50) 15-400 2,5 

  hs-CRP mg/l 78.62 (17.77, 147.94) 1.71 (0.88, 5.85) <0.5 2 

  Procalcitonin ng/ml 0.49 (0.19, 1.92) 0.08 (0.06, 0.11) <0.05 6 

  TNF-α pg/ml 20.45 (15.60, 30.90) 15.90 (12.00, 21.20) 7.78-12.26 

  IL-1β pg/ml 1.56 7 0.80 7 <0.8 6  

  IL-6 pg/ml 25.1 (12.9, 66.7) 4.68 (3.18, 8.02) 0.76-13. 66 

  IL-8 pg/ml 15.35 (9.15, 26.80) 8.96 (6.20, 12.40) 6.7-16.2 6 

  IL-10 pg/ml 9.42 (5.97, 14.90) 3.91 (3.11, 4.72) 1.52-5.66 6 
1Median (Q1, Q3), 2Reference range provided by Roche. 3Reference range supported by ESC guidelines125. 4Reference range supported by multicenter evaluation of hsTnT assay289. 

5Reference range inclusive for both male and female values. . 6Reference range provided by Biotechne® R&D Systems™. 7Tobit regression median. Ca125=Cancer Antigen 125. hs-

CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity Troponin T. IL-1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-proADM= 

Mid-regional proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour necrosis factor-alpha. 



 

 

Figure 6-2 NTproBNP and hsTnT in study participants at ICU discharge and 6-10 weeks 

post-hospital discharge 

Note y axes are logarithmic. 
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Figure 6-3 Ca-125 and MR-proADM in study participants at ICU discharge and 6-10 weeks 

post-hospital discharge 

Note y axes are logarithmic 
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Figure 6-4 Creatinine and Cystatin-C in study participants at ICU discharge and 6-10 weeks 

post-hospital discharge 

Note y axes are logarithmic 
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Figure 6-5 hs-CRP and Procalcitonin in study participants at ICU discharge and 6-10 weeks 

post-hospital discharge 

Note y axes are logarithmic 
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Figure 6-6 TNF-α and Ferritin in study participants at ICU discharge and 6-10 weeks post-

hospital discharge 

Note y axes are logarithmic 
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6.3.2 Biomarkers in participants with and without left ventricular 
systolic dysfunction 

6.3.2.1 Biomarkers at ICU discharge in participants with and without LVSD 

Table 6-2 Biomarkers of cardiac dysfunction, injury and inflammation of 

participants with and without LVSD at the point of ICU discharge displays 

biomarker values at the point of ICU discharge, tabulated by the presence of 

LVSD 6-10 weeks post-hospital discharge. There were notable differences in 

values of NT-proBNP (871pg/ml (110, 3087) vs 4908pg/ml (955, 8458) p = 0.073) 

, hs-TnT (16pg/ml (9, 56) vs 40pg/ml (14, 157) p = 0.2) and MR-proADM (0.97 

nmol/L (0.62, 1.82) vs 1.37nmol/L (0.90, 3.64) p = 0.2) in those without vs those 

with LVSD, although these did not meet the threshold for statistical significance.  

In both groups, NT-proBNP and hs-TnT were outwith reference ranges for normal 

endogenous values, as were median values of MR-proADM. Median values of 

Cystatin-C were also elevated above reference range (0.94mg/L (0.67. 2.85) in 

participants with LVSD. Median values of hs-CRP, TNF-α, IL-1β, IL-6 and IL-10 

were elevated above quoted reference ranges in both participants with LVSD and 

those without 

6.3.2.2 Biomarkers at 6-10 weeks post-hospital discharge in participants 
with and without LVSD 

Table 6-3 displays biomarker values at 6-10 weeks post-hospital discharge, 

tabulated by LVSD. Comparing participants without LVSD to those with LVSD at 

follow-up, there were significant differences in median values of NT-proBNP (74 

vs 208pg/mL,  p=0.024), MR-proADM (0.52 vs 0.95nmol/L, p=0.008), Cystatin C 

(0.71 vs 1.25mg/L, p=0.015), TNF-α (15 vs 20pg/mL, p=0.023) and IL-6 (3.8 vs 

8.2pg/mL, p=0.003). With the exception of TNF-α, biomarkers of inflammation 

were within reference range in both participants those without and with LVSD. 

Cystatin C values were outwith the normal reference range in participants with 

LVSD at 6-10 weeks post-hospital discharge.



Table 6-2 Biomarkers of cardiac dysfunction, injury and inflammation of participants with and without LVSD at the point of ICU discharge 

Biomarker No LVSD  

N = 271 

LVSD  

N = 71 
p-value2 Reference Range 

Cardiovascular biomarkers 

NT-proBNP pg/ml 871 (110, 3,087) 4,908 (955, 8,458)  0.073 <125 3,4  

hs TnT pg/ml 16 (9, 56) 40 (14, 157)  0.151 <14 3,5 

Ca-125 u/ml 32 (15, 50) 29 (14, 51) >0.999 <35 3 

MR-proADM  nmol/L 0.97 (0.62, 1.82) 1.37 (0.90, 3.64)  0.179 <0.55 3 

Renal biomarkers 

Creatinine umol/l 64 (47, 91) 79 (46, 446)  0.509 45-104 3,6 

Cystatin C mg/l 0.63 (0.46, 1.34) 0.94 (0.67, 2.85)  0.186 0.61-0.95 3 

Inflammatory biomarkers 

hsCRP mg/l 69 (9, 136) 37 (29, 310)  0.708 <5 6,7 

Procalcitonin ng/ml 0.47 (0.15, 1.92) 1.18 (0.14, 3.22)  0.537 <0.05 7 

Ferritin ug/l 190 (92, 381) 379 (133, 804)  0.478 <15-400 7 

TNF-α pg/ml 19 (14, 33) 27 (17, 36)  0.427 7.78-12.2 7 

IL-1β pg/ml 2.00 (1.41, 3.71) 5.08 (1.85, 5.57)  0.174 <0.8 7  

IL-6 pg/ml 21 (10, 47) 26 (9, 131)  0.427 0.76-13.6 7 

IL-8 pg/ml 12 (8, 30) 15 (10, 34)  0.478 6.7-16.2 7 

IL-10 pg/ml 8 (5, 14) 13 (8, 14)  0.338 1.52-5.66 7 
1Median (Q1, Q3) 2Wilcoxon rank sum exact test. ), 3Reference range provided by Roche. 4Reference range supported by ESC guidelines125. 5Reference range supported by 

multicenter evaluation of hsTnT assay289. 6Reference range inclusive for both male and female values. .7Reference range provided by Biotechne® R&D Systems™. Ca125=Cancer 

Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity Troponin T. IL-1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. 

MR-proADM= Mid-regional proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour necrosis factor-alpha. 
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Table 6-3 Biomarkers of cardiac dysfunction, injury and inflammation of participants with and without LVSD at 6-10 weeks post-hospital discharge 

Biomarker 
No LVSD 

N = 271 

LVSD 

N = 71 
p-value2 Reference Range 

Cardiovascular biomarkers     

    NT proBNP pg/ml 74 (38, 132) 208 (110, 14224) 0.024 <125 3,4  

    hs TnT pg/ml 7 (5, 11) 15 (6, 53) 0.066 <14 3,5 

    Ca-125 u/ml 12 (8, 17) 9 (6, 25) 0.967 <35 3 

    MR-proADM nmol/L 0.52 (0.39, 0.66) 0.95 (0.56, 0.99) 0.008 <0.55 3 

Renal biomarkers  

    Creatinine umol/l 57 (47, 62) 101 (56, 110) 0.024 45-104 3,6 

    Cystatin C mg/l 0.71 (0.51, 0.91) 1.25 (0.84, 1.30) 0.015 0.61-0.95 3 

Inflammatory Biomarkers  

    hs-CRP mg/l 2 (1, 5) 2 (1, 20) 0.349 <5 7 

    Procalcitonin ng/ml 0.08 (0.06, 0.10) 0.11 (0.07, 0.23) 0.151 <0.05 7 

    Ferritin ug/l 42 (13, 81) 159 (16, 262) 0.081 15-400 6,7 

    TNF-a pg/ml 15 (12, 18) 20 (18, 38) 0.023 7.78-12.2 7 

    IL-1β pg/ml < LOD8 < LOD8 - <0.8 7  

    IL-6 pg/ml 3.8 (3.1, 7.8) 8.2 (7.7, 16.2) 0.003 0.76-13.6 7 

    IL-8 pg/ml 7.5 (5.9, 12.4) 9.6 (8.4, 21.4) 0.163 6.7-16.2 7 

    IL-10 pg/ml 3.87 (3.06, 4.81) 4.08 (3.55, 4.20) 0.551 1.52-5.66 7 
1Median (Q1, Q3) 2Wilcoxon rank sum exact test. ), 3Reference range provided by Roche. 4Reference range supported by ESC guidelines125. 5Reference range supported by 

multicenter evaluation of hsTnT assay289. 6Reference range inclusive for both male and female values. .7Reference range provided by Biotechne® R&D Systems™. 8 >50% of values 

below the limit of detection and as such accurate medians could not be calculated. Ca125=Cancer Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High 

Sensitivity Troponin T. IL-1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-proADM= Mid-regional proadrenomedullin (MR-proADM), NT-

proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour necrosis factor-alpha. 
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Figure 6-7 - Figure 6-11 plot the distributions and median values for biomarkers 

of NT-proBNP, MR-proADM, Cystatin-C, TNF-α and IL-6 in participants with LVSD 

compared to those without, at 6-10 weeks post hospital discharge. Median values 

differ significantly between the two cohorts as outlined in Table 6-3, with 

median values of NT-proBNP (208pg/mL), Cystatin C (1.25mg/L), MR-proADM 

(0.95 nmol/L) and TNF-α (20pg/mL) above reference ranges for normal 

endogenous values in participants with LVSD at follow-up. The median value of 

TNF-α was also above the reference range in participants without LVSD 

(15.3pg/mL). 

 

Figure 6-7 NT-proBNP values in study participants at 6-10 weeks following hospital 
discharge in participants with and without LVSD 

Note y axes are logarithmic 
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Figure 6-8 MR-proADM at 6-10 weeks post-hospital discharge in survivors with and without 
LVSD 

Note y axes are logarithmic 

 

Figure 6-9 Cystatin C at 6-10 weeks post-hospital discharge in survivors with and without 
LVSD 
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Figure 6-10 TNF at 6-10 weeks post-hospital discharge in participants with and without 
LVSD 

 

Figure 6-11 IL-6 at 6-10 weeks post-hospital discharge in participants with and without LVSD 
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6.3.3 Association of cardiac and inflammatory biomarkers and left 
ventricular systolic dysfunction 

Table 6-4 displays univariate logistic regression models predicting the ability of 

biomarkers at recruitment to predict LVSD at follow-up. Although there were 

some biomarkers that demonstrated some promise (e.g. Cystatin-C), none of the 

recruitment biomarker models had odds ratios that achieved statistical 

significance. 

Table 6-4 Univariate logistic regression analysis of biomarkers at point of recruitment and 
ability to predict LVSD 

Biomarker OR 95% CI p-value 

Cardiovascular biomarkers    

    Log Recruitment NT-proBNP pg/ml 1.67 1.02, 3.29 0.077 

    Log Recruitment hs TnT pg/ml 1.73 0.82, 3.98 0.159 

    Recruitment Ca-125 u/ml 1.00 0.97, 1.02 0.918 

    Recruitment MR proADM nmol/L 1.22 0.78, 1.88 0.347 

Renal biomarkers    

    Recruitment Creatinine umol/l 1.00 1.00, 1.00 0.446 

    Recruitment Cystatin C mg/l 1.87 0.70, 5.02 0.197 

Inflammatory biomarkers    

    Recruitment hsCRP mg/l 1.00 0.99, 1.01 0.485 

    Recruitment Procalcitonin ng/ml 1.07 0.74, 1.45 0.661 

    Recruitment Ferritin ug/l 1.00 1.00, 1.01 0.183 

    Recruitment TNF-a pg/ml 1.01 0.95, 1.07 0.776 

    Recruitment IL-1B pg/ml 1.51 0.92, 2.71 0.117 

    Recruitment IL-6 pg/ml 1.01 0.99, 1.02 0.264 

    Recruitment IL-8 pg/ml 1.02 0.98, 1.06 0.345 

    Recruitment IL-10 pg/ml 0.99 0.89, 1.03 0.729 

Ca125=Cancer Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity Troponin T. IL-
1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-proADM= Mid-regional 
proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour necrosis 
factor-alpha. 

 

Table 6-5 demonstrates univariate logistic regression analysis of the ability of 

biomarkers at follow-up to predict presence of LVSD in the study cohort. Log NT-

proBNP (OR 2.53 (1.33, 7.76) p=0.032), log hs-TnT (OR 3.37 (1.21, 7.76) p=0.037) 

and log MR-proADM (40.3 (3.13, 1943.38) p=0.022) were significantly associated 

with LVSD at 6-10 weeks following hospital discharge. In addition, the acute 
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phase inflammatory markers, Ferritin (OR 1.01 (1.00, 1.02) p=0.035), TNF-α (OR 

1.13 (1.02, 1.28) p=0.032) and Interleukin-6 (OR 1.18 (1.03, 1.41) p=0.03) were 

also associated with LVSD. 

Table 6-5 Univariate logistic regression analysis of biomarkers at 6-10 weeks post hospital 
discharge and ability to predict LVSD 

Biomarker OR 95% CI 
p-

value 

Cardiovascular biomarkers    

    Log Follow-up NT-proBNP pg/ml 2.53 1.33, 7.76 0.032 

    Log Follow-up hs TnT pg/ml 3.37 1.21, 7.76 0.037 

    Follow-up Ca-125 u/ml 1.03 0.90, 1.16 0.658 

    Log Follow-up MR proADM nmol/L 40.3 3.13, 1943.38 0.022 

Renal biomarkers    

    Follow-up Creatinine umol/l 1.01 1.00, 1.03 0.150 

    Follow-up Cystatin C mg/l 9.05 1.11, 134.2 0.061 

Inflammatory biomarkers    

    Follow-up Ferritin ug/l 1.01 1.00, 1.02 0.035 

    Follow-up hsCRP ng/ml 1.09 0.99, 1.22 0.085 

    Follow-up Procalcitonin ug/l 1.11 -0.21, 2.58 0.105 

    Follow-up TNF-a pg/ml 1.13 1.02, 1.28 0.032 

    Follow-up IL-1B pg/ml - - - 

    Follow-up IL-6 pg/ml 1.18 1.03, 1.41 0.032 

    Follow-up IL-8 pg/ml 1.19 1.00, 1.46 0.061 

    Follow-up IL-10 pg/ml 0.99 0.65, 1.33 0.962 

Ca125=Cancer Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity Troponin T. IL-
1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-proADM= Mid-regional 
proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour necrosis 
factor-alpha. 

When further interrogated, all models of statistical significance demonstrated 

uniform residual distribution on QQ residual plots. However, the TNF-α model 

demonstrated significant heteroscedasticity when plotting scaled residuals 

against ranked model predictions, potentially indicating this model was unable 

to predict LVSD across the whole range of values.   

6.3.4 Association of follow-up log NT-proBNP, patient 

demographics and illness characteristics 

Table 6-6 displays univariate linear regression analyses exploring the association 

of patient and illness characteristics and log NT-proBNP 6-10 weeks post 
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discharge from hospital. Age (β 0.016 (-0.030, 0.063) p=0.499), Charlson 

comorbidity index (β 0.081 (-0.369, 0.530) p=0.727)  and clinical frailty scale (β 

0.209 (-0.247,0.666) p=0.375) were not associated with log NT-proBNP values at 

follow-up. However, multiple measures of illness severity including APACHE II (β 

0.075 (0.006,0.145) p=0.041) and SOFA score (β 0.280 (0.139,0.422) p<0.001) 

demonstrated significant associations with follow-up values of log NT-proBNP. 

Furthermore, log NT-proBNP at 6-10 weeks post-hospital discharge was also 

significantly associated with ICU (β 0.06 (0.024, 0.097) p=0.003) and hospital 

length of stay (β=0.021 (0.009, 0.034) p=0.002).  

Table 6-6 Patient and illness characteristics and their prediction of log NT-proBNP at 6-10 

weeks post-hospital discharge 

Characteristic Beta 95% CI p-value 

Patient Characteristics 

 Age (Years) 0.02 -0.03, 0.06  0.499 

 Charleson Comorbidity Index 0.08 -0.37, 0.53  0.727 

 Clinical Frailty Scale 0.21 -0.25, 0.67  0.375 

Illness severity and characteristics 

 APACHE II Score 0.07 0.00, 0.14  0.045 

 SOFA Score 0.26 0.12, 0.39 <0.001 

 Duration mechanical ventilation (days) 0.06 0.01, 0.11  0.026 

 Duration cardiovascular support (days) 0.10 0.03, 0.16  0.008 

 Duration of RRT (days) 0.11 0.03, 0.19  0.019 

 ICU length of stay (days) 0.06 0.02, 0.10  0.003 

 Hospital length of stay (days) 0.02 0.01, 0.03  0.002 

Abbreviations: APACHE=Acute physiology and chronic health evaluation, ICU=Intensive care unit RRT=Renal 

replacement therapy, SOFA=Sequential organ failure evaluation 
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6.3.4.1 Illness severity scores 

Figure 6-12 and Figure 6-13 display the association of illness severity scores with 

NT-proBNP at 6-10 weeks post-hospital discharge.  

In addition to being significantly predictive of log NT-proBNP at follow-up, both 

APACHE II score and SOFA score demonstrated significant correlation with log 

NTpro-BNP, with moderate spearman correlation coefficients in both plots, 

APACHE II (r=0.35 ,p=0.045), SOFA score (r=0.55, p<0.001). However, in 

validation of the SOFA score model, plotting scaled residuals against simulated 

residuals demonstrated deviations in lower residual quantiles indicating lack of 

predictive ability across the whole model. 

 

 

Figure 6-12 Association of APACHE II with log NT-proBNP values at 6-10 weeks post-
hospital discharge 
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Figure 6-13 Association of SOFA score on admission with log NT-proBNP values at 6-10 
weeks post-hospital discharge 

6.3.4.2 Duration of organ support 

Similar results were generated when exploring association with duration of organ 

support. Although duration of  mechanical ventilation (Figure 6-14) and CV 

support (Figure 6-15) demonstrated significant predictive ability for log NT-

proBNP, visual inspection identified outliers that were likely to impact the 

model. 

6.3.4.3 Length of stay 

Despite clear outliers on visual inspection of ICU (Figure 6-16) and hospital 

(Figure 6-17) LOS, there were no significant violations of overall goodness of fit 

testing or across different quantiles of scaled residuals, indicating model 

integrity across the range of observed values. Similarly, models retained 

predictive value when participants with extended ICU or hospital LOS were 

removed from the analysis. 
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Figure 6-14 Association of duration of mechanical ventilation (days) and log NT-proBNP 

values at 6-10 weeks post-hospital discharge 

 

Figure 6-15 Association of duration of cardiovascular support (days) and log NT-proBNP 
values at 6-10 weeks post-hospital discharge 
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Figure 6-16 Association of ICU length of stay with log NT-proBNP values at 6-10 weeks post-
hospital discharge 

 

Figure 6-17 Association of hospital length of stay with log NT-proBNP values at 6-10 weeks 
post-hospital discharge 
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6.3.5 Association of log NT-proBNP at 6-10 weeks post-hospital 
discharge with biomarkers of cardiovascular dysfunction, 
renal function and inflammation 

6.3.5.1 Recruitment biomarkers 

Table 6-7 displays univariate linear regression models exploring the association 

between biomarkers at the point of recruitment (ICU discharge) and log NT-

proBNP at 6-10 weeks post-hospital discharge. 

Table 6-7 Univariate linear regression analysis of biomarkers at point of recruitment and 
ability to predict log NT-proBNP at follow-up 

Biomarker Beta 95% CI p-value 

Cardiovascular biomarkers 

 log Recruitment NT-proBNP pg/ml 0.50 0.25, 0.74 <0.001 

 log Recruitment hs TnT pg/ml 0.79 0.31, 1.27 0.003 

 Recruitment Ca-125 u/ml 0.02 0.00, 0.03 0.076 

 Recruitment MR-pro ADM nmol/L 0.51 0.22, 0.80 0.002 

Renal biomarkers 

 Recruitment Creatinine umol/l 0.00 0.00, 0.01 0.024 

 Recruitment Cystatin C mg/l 1.01 0.33, 1.68 0.006 

Inflammatory biomarkers 

 Recruitment hsCRP mg/l 0.00 0.00, 0.01 0.174 

 Recruitment Procalcitonin g/ml 0.14 -0.10, 0.38 0.265 

 Recruitment TNF-a pg/ml 0.02 -0.02, 0.06 0.348 

 Recruitment IL-1B pg/ml - - - 

 Recruitment IL-6 pg/ml 0.01 0.00, 0.02 0.055 

 Recruitment IL-8 pg/ml 0.04 0.01, 0.07 0.005 

 Recruitment IL-10 pg/ml 0.00 -0.03, 0.04 0.808 

Ca125=Cancer Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity 

Troponin T. IL-1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-

proADM= Mid-regional proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic 

peptide. TNF-α= Tumour necrosis factor-alpha 

 

There are significant relationships between log NT-proBNP at 6-10 weeks 

following hospital-discharge and values of log NT-proBNP at recruitment (β=0.50 

(0.25, 0.74) p<0.001) and log hs-TnT (β=0.79 (0.31, 1.27) p=0.003) (Figure 6-18 - 

Figure 6-19). 
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Ca-125 (β 0.02 (0.00, 0.03) p=0.076), MR-proADM (β 0.51 (0.22, 0.80) p=0.002) 

and Cystatin C (β=1.01 (0.33, 1.68) p=0.006) also demonstrated ability to predict 

NT-proBNP values at 6-10 weeks post-hospital discharge. 

 

 

Figure 6-18 Association of log NT-proBNP at ICU discharge and log NT-proBNP at 6-10 
weeks post-hospital discharge 

Log NT-proBNP demonstrated significant ability to predict log NT-proBNP at follow up. 
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Figure 6-19 Association of log NT-proBNP at ICU discharge and hs-TnT at 6-10 weeks post-
hospital discharge 

 

6.3.5.2 Follow-up biomarkers 

There were multiple observed associations with log NT-proBNP and biomarkers of 

cardiovascular dysfunction, renal dysfunction and inflammation at 6-10 weeks 

post-hospital discharge. However, despite statistical significance, many of these 

associations were modest and on further validation, although they did not 

violate overall goodness of fit testing, residuals deviated depending on quantile 

of residuals assessed.  

Hs-TnT demonstrated significant ability to predict log NT-proBNP at follow-up (β 

0.04 (0.03, 0.06) p<0.001). Despite apparent outliers on visual inspection (Figure 

6-20), the model met overall goodness of fit testing and was consistent across 

quantiles of residuals. 
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Table 6-8 Univariate linear regression analysis of biomarkers at 6-10 weeks post-hospital 
discharge and prediction of follow-up log NT-proBNP 

Biomarker Beta 95% CI p-value 

Cardiovascular biomarkers 

  Follow-up hs TnT pg/ml 0.04 0.03, 0.06 <0.001 

  Follow-up Ca-125 u/ml 0.10 0.01, 0.18  0.028 

  log Follow-up MR proADM nmol/L 2.52 1.77, 3.27 <0.001 

Renal biomarkers 

  Follow-Up Creatinine umol/l 0.02 0.01, 0.03 <0.001 

  Follow-up Cystatin C mg/l 2.48 1.24, 3.73 <0.001 

Inflammatory biomarkers 

 Follow-up ferritin ug/l 0.01 0.00, 0.01  0.006 

 Follow-up hsCRP mg/l umol/l 0.06 -0.02, 0.14 0.14 

 log Follow-up Procalcitonin ng/ml 9.67 4.11, 15.23  0.002 

 Follow-up TNF-a pg/ml 0.14 0.08, 0.19 <0.001 

 Follow-up IL-1B mg/ml - - - 

 Follow-up IL-6 pg/ml 0.19 0.10, 0.27 <0.001 

 Follow-up IL-8 pg/ml 0.18 0.07, 0.29  0.003 

 Follow-up IL-10 pg/ml 0.16 -0.06, 0.38 0.17 

Ca125=Cancer Antigen 125. hs-CRP= High-sensitivity C-reactive protein. Hs-TnT= High Sensitivity Troponin T. IL-

1β=Interleukin-1 beta, IL-6=Interleukin-6. IL-8=Interleukin-8. IL-10=Interleukin-10. MR-proADM= Mid-regional 

proadrenomedullin (MR-proADM), NT-proBNP= N-terminal pro-B-type natriuretic peptide. TNF-α= Tumour 

necrosis factor-alpha 

Of the remaining follow-up biomarkers, only Cystatin C and Procalcitonin 

demonstrated ability to predict log BNP at 6-10 week follow-up reliably across a 

range of values. In these models, Spearman correlations were significant, 

Cystatin C (r=0.57, p<0.001), and Procalcitonin (r=0.52, p=0.002). 
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Figure 6-20 Association of hs-TnT values with log NT-proBNP values at 6-10 weeks post-
hospital discharge 

6.3.6 NTproBNP thresholds and recruitment NT-proBNP values 

Figure 6-21 demonstrates the median values of NTproBNP at recruitment, 

categorised by established thresholds in heart failure diagnosis at 6-10 weeks 

post-hospital discharge. Participants in higher categories of NT-proBNP at follow-

up had significant differences in median values of NTproBNP at ICU discharge 

(505.25 vs 1596.25 vs 5754.50pg/ml, p=0.019). A univariate cumulative 

regression model demonstrated significant ability of log NTproBNP values at ICU 

discharge predict follow up categories of NT-proBNP threshold at 6-10 weeks 

post-hospital discharge, (OR 1.80 (1.42, 2.29) p =0.016). 
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Figure 6-21 Median NT-proBNP values at recruitment by NT-proBNP threshold at 6-10 weeks 
post hospital discharge. (N-terminal brain-natriuretic peptide, NT-proBNP) 

6.3.7 Association of established NT-proBNP thresholds and 
patient or illness characteristics and left ventricular systolic 
dysfunction 

Univariate logistic regression modelling demonstrated NT-proBNP values >400 

were predicted by SOFA Score (OR 1.49 (1.09, 2.42) p=0.035). Furthermore, 

cumulative regression analysis also demonstrated SOFA score was significantly 

associated with progression through ordinal BNP thresholds used in clinical 

practice i.e. ≤125, 126-400 and >400 pg/ml (OR 1.24 (1.02, 1.53) p=0.037). 

Median SOFA score on admission differed significantly (p=0.040) in patients with 

higher NT-proBNP values at 6-10 weeks following discharge from hospital. 

Neither a single threshold of NT-proBNP ≥400pg/ml, nor NT-proBNP thresholds of 

<125, 126-400 or >400pg/ml were associated with any other patient demographic 

or illness characteristics including age, sex, frailty, comorbidity index, 

hypertension, diabetes, APACHE II, duration of organ support or LOS. 
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Figure 6-22 Median SOFA score on admission grouped by category of NT-proBNP 6-10 
weeks post hospital discharge 

6.4 Discussion 

This chapter explores cardiac, renal and inflammatory biomarkers at recruitment 

and 6-10 weeks post-hospital discharge and explores their relationship with CMR 

findings at the same follow-up timepoint. The results demonstrate marked rises 

in NT-proBNP, well above reference range, across the study cohort on discharge 

from ICU. At follow-up, values remained high in participants with LVSD, and at 

thresholds supporting investigation with cardiovascular imaging in other 

populations.125 243  

Study participants also had abnormal median values of cardiac injury and 

inflammation at recruitment. Many of these biomarkers fell back within 

reference ranges in the majority of patients at follow-up. However, for key 

biomarkers such as NT-proBNP, hs-TnT and Cystatin C, median values remained 

significantly different in patients who had LVSD, and within clinically significant 

ranges. The cohort of participants with LVSD also had differences in median 
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values of the inflammatory biomarkers, TNF-α and IL-6. These findings 

demonstrate a number of key points. 

It is clear that across the whole study population, the majority of patients 

demonstrated biochemical evidence of significant myocardial strain and 

dysfunction immediately following an ICU admission with sepsis. These values 

were particularly high in patients with LVSD at follow-up, and at levels that have 

been associated with an increased mortality risk in other populations (e.g. de-

novo or acute decompensated heart failure).266 267 In participants with LVSD, the 

significant differences in biomarker profiles are supportive of myocardial wall 

stretch, cardiomyocyte injury (hs-TnT) and persistent inflammation. 

NT-proBNP is not only associated with adverse cardiovascular outcomes, but has 

also predicted mortality in patients with critical illness following ICU 

discharge.119 The high values in this study at discharge are consistent with other 

critical illness datasets, supporting their validity. Given the diagnostic and 

prognostic utility of NT-proBNP in other settings,263 290 it is intriguing to consider 

whether NT-proBNP could be used as a prognostic marker for long-term 

cardiovascular outcomes in patients with critical illness, either on discharge 

from ICU or at a later stage during convalescence. Although not statistically 

significant, the markedly elevated values in participants who had LVSD (median 

4908pg/ml) appear clinically important. Future adequately powered research 

should investigate this relationship further. 

There are of course many other causes of abnormal NT-proBNP values beyond 

cardiac dysfunction, including critical illness and sepsis in their own right.291 292 

However, in this analysis NT-proBNP values at 6-10 weeks differed not only in 

terms of statistical significance, but median values of those with LVSD were 

within a clinically significant threshold.125 This supports the hypothesis that in 

ICU survivors with signs and symptoms of heart failure, NT-proBNP may have 

utility when used in a similar manner to patients in the general population in 

diagnosing chronic heart failure. Furthermore, when stratified into conventional 

NT-proBNP thresholds used in NICE or ESC, increasing NT-proBNP was 

significantly associated with the presence of LVSD. Future work is required to 

explore whether this hypothesis is supported controlling for other clinically 

important variables.  
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From a mechanistic perspective, the study demonstrates a number of 

associations. NTproBNP values at follow-up were consistently associated with 

severity of illness scores, duration of cardiovascular or ventilatory support and 

also hospital and ICU LOS. Whilst these models are exploratory in nature, it 

supports the hypothesis that prolonged admissions with severe critical illness 

may be associated with cardiovascular injury and strain, for which there may be 

long term consequences. There are multiple interrelated and interdependent 

factors at play during intensive care admission, for example pre-existing co-

morbidity, factors related to precipitating pathogens, disease trajectory and of 

course specific treatments required.41 184 Specifically, ICU admission with severe 

illness often involves treatments that confer significant cardiovascular and 

haemodynamic stress, for example: vasoactive medications that increase 

myocardial contractility and systemic vascular resistance; the haemodynamic 

effects of prolonged mechanical ventilation; or indeed the cessation of drugs to 

avoid acute complications that in the long term are beneficial for chronic 

cardiovascular disease such as angiotensin converting enzyme (ACE) inhibitors or 

Sodium-Glucose Transport-2 (SGLT2) inhibitors.184  Many patients are also noted 

to have septic cardiomyopathy in ICU.100 Whilst these conditions are traditionally 

thought to have resolved, there are scant real-world data to support this 

hypothesis.162 293 The data in this chapter support the mechanistic association 

between severe illness and biochemical CMR evidence of myocardial dysfunction 

and injury that persists weeks beyond discharge from hospital. 

Biomarkers of inflammation and renal dysfunction were associated with both 

LVSD and increased values of NT-proBNP. There is much evidence examining the 

role of inflammation in the pathogenesis of chronic heart failure and an evolving 

body of literature that describes mechanisms of persistent inflammation 

following critical illness and the potential role in chronic cardiovascular disease. 

82 107 The data in this chapter is in keeping with other studies that demonstrate 

increased inflammatory biomarkers in some cohorts of patients persisting 

following discharge, and support the possible underlying mechanistic association 

with chronic cardiac dysfunction with persisting inflammation following sepsis 

admission.110 

Lastly, the data in this chapter support the need for ongoing mechanistic work to 

examine an apparent association between biomarkers of cardiovascular 
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dysfunction, renal disease, inflammation and imaging findings. Data could be 

used to evaluate for more detailed models and planning of further mechanistic 

work, observational studies and clinical trials. 

6.4.1 Limitations 

There are limitations to this area of the study. As with the previous chapter, the 

relatively small sample size (n=34) limits statistical power and ability to conduct 

multivariate analysis and determine any definitive associations. Similarly, 

because of the inherent skew and non-normal distribution of biomarkers used in 

clinical practice, models must be interpreted with caution with regard to their 

generalisability. Nonetheless, significant efforts were undertaken to ensure any 

models presented were predictive across the whole dataset, with goodness of fit 

testing and comparisons of scaled residuals against predicted data, so that 

meaningful conclusions could be drawn as far as the data allows. 

As with the previous chapter, it may be that findings were confounded by 

participants with a prior burden of unidentified cardiovascular disease. 

Nonetheless, these patients would still have likely been admitted to ICU on the 

basis of other clinical factors. This still presents us with the problem of large 

numbers of survivors who may have acquired a meaningful risk of (if not 

established) cardiovascular disease following admission. As such, there is much 

work to do to find out how we might better identify these patients and improve 

their future recovery trajectory. 

6.5 Conclusion 

This chapter demonstrates that participants without prior known cardiovascular 

disease had biochemical evidence of cardiovascular and renal dysfunction that 

was associated with LVSD on follow-up imaging. Biomarkers of cardiovascular 

dysfunction were associated with biochemical evidence of inflammation, 

severity of illness and hospital LOS. Conventional clinical thresholds for raised 

NT-proBNP also conferred a higher risk of LVSD and this may be of utility in this 

population of patients to help stratify those at risk of adverse cardiovascular 

outcomes. 
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Chapter 7 Patient-reported outcome measures in 
ICU survivors of sepsis 

7.1 Introduction 

This chapter presents results of patient-reported outcome measures (PROMs) 

collected at 6-10 weeks post-hospital discharge in participants who were 

admitted to intensive care with sepsis. It also describes their relationship with 

patient demographics, illness characteristics, CMR findings and biomarkers of 

cardiovascular dysfunction and inflammation. 

The chapter will outline PROMs utilised in the study and the rationale for their 

inclusion. It will go on to describe the methodology involved in their collection 

and analysis. It will present a descriptive summary of the study cohort at 6-10 

weeks post-hospital discharge  

7.1.1 Patient important outcomes 

In 2024, the James Lind alliance reported their ‘top 10’ research priorities for 

sepsis research, integrating the views of patients, relatives and health 

professionals from multiple disciplines.97 They identified the long-term 

consequences of sepsis as a research priority, aligning with prior literature that 

highlights ‘patient important outcomes’ as a priority for inclusion in critical care 

research.294 

The concept of patient important outcomes has been prevalent in other fields of 

research for some time. The evolution of Post Intensive Care Syndrome (PICS) as 

a concept, and the heterogenous array of impairments it encompasses, has 

highlighted the need for a focus on understanding these outcomes and their 

underlying drivers.294 295 Even in the last decade, a systematic review evaluating 

the prevalence of patient important outcomes in critical care trials 

demonstrated that beyond mortality, only 10% of articles published across an 

entire year of randomised controlled trials reported any other patient-important 

outcomes (for example physical function, quality of life measures or cognitive 

function), highlighting the need for better inclusion. 
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These findings also pose questions regarding what is indeed considered a patient 

important outcome. In a well-conducted qualitative analysis of interviews with 

critical care survivors of acute respiratory failure (ARF), domains such as 

physical function, cognitive function, mental health and return to work emerged 

as consistent themes reported by patients, families and researchers.296 These 

findings served as the basis for the researchers to convene an international panel 

comprising of patients, caregivers and clinicians to participate in a modified 

Delphi process with the aim of identifying a core-outcome set and a core 

outcome measurement set for survivors of acute respiratory failure after critical 

care admission.294 296 The panel identified: survival, health-related quality of life 

(HRQoL), mental health, pain, cognition, physical function, muscle or nerve 

function, and pulmonary function as key domains for assessment.  

Consensus for inclusion of outcome measures in the core set required that - a 

priori - 70% of respondents deemed the outcome measure as ‘critical’. In 

addition, if >15% of respondents indicated the measure was ‘not important’, 

then these were not included, ensuring that if minority stakeholder groups 

consistently rated outcome measures as unimportant then this was adequately 

accounted for.  Recommended core outcome measures for survivors of ARF 

included: EQ-5D (3L or 5L version) for measurement of HRQoL, and/or the Short-

Form-36.  The hospital anxiety and depression scale (HADS) was recommended 

for assessment of mental health issues. Other PROMs which were reported for 

consideration (although did not reach consensus) were the Montreal-cognitive 

assessment (MOCA), the 6-minute walk test (6-MWT) and grip-strength testing.55 

297 298 

Whilst findings represent outcome sets for survivors of ARF as a distinct cohort, 

there is clear overlap between the problems often experienced by survivors of 

ARF on discharge and recovery and those who had other critical illness 

syndromes (such as sepsis). Thus, the outcome measures achieved here by 

consensus were judged to be important in measuring patient important 

outcomes in this study.2 5 30 31 299 
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7.1.2 Euro-QoL 5D-5L Descriptive System 

The Euro-QoL 5D-5L (EQ-5D-5L) was first introduced by the EuroQol group as an 

outcome measure of HRQoL in 2009. The EQ-5D-5L comprises of two main 

components, the health utility score (HUS) and the visual analogue scale (VAS). 

The HUS assesses 5 domains: Mobility; self-care; usual activities; pain or 

discomfort; and anxiety or depression. The tool is displayed in Appendix 9. 

Participants are asked to best rate the degree of problems they have in each 

domain, with all domains stratified by the levels: Unable/no problems (1); mild 

(2); moderate (3); severe (4) and unable/extreme problems (5).300 For example, 

for the mobility domain, participants are asked to best rate their mobility by 

choosing one of the following statements: “I have no problems in walking about” 

(1), “I have slight problems walking about”, “I have moderate problems walking 

about” (3), “I have severe problems walking about”(4), or “I am unable to walk 

about”(5). Thus, across the 5 domains, participants may report a score in the 

form of ‘33434’, which in this case would indicate a degree of moderate or 

severe impairments across every domain.  

Measurement of these impairments have a clear floor and ceiling, with 

participants rating themselves as having ‘no problems’ or being ‘unable’ to 

undertake activities. However, categories in between (i.e. mild/ moderate/ 

severe) are self-reported, not quantifiable or directly comparable on their own. 

To overcome this, values obtained in each level can be converted into a ‘value-

set’ which allows the generation of an overall score for ‘health-utility states’ 

(HUS). The HUS scores at ‘1’, indicating of full health and ‘0’ a state equivalent 

to death. Values less than ‘0’ are possible and conceptualised as health states 

‘worse than death’.301 Whilst there is a published value-set for the EQ-5D-5L for 

the UK population, the National Institute for Clinical Excellence (NICE) have 

raised concerns about the quality and reliability collected in the valuation study 

upon which these values are based. As such, NICE currently recommend the 

‘crosswalk’ method, published by van Hout et al to create value sets in the UK, 

mapping EQ-5D-5L values back onto prior validated EQ-5D-3L measures. As such, 

these values have been used in this thesis.301-303  
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The EQ-5D-5L also has a ‘visual analogue scale’ (VAS), where users are asked to 

self-rate their health on a scale of 0-100 on day of completion, 0 being the worst 

health and 100 being the best health. For the EQ-5D-5L summary measures, the 

minimally clinically important difference8 is determined to be 0.08 and 8 for 

health-utility state and visual analogue scales respectively.305 306 

7.1.3 Hospital anxiety and depression score 

The hospital anxiety and depression score (HADS) was used to explore mental 

health outcomes in this study, in-keeping with the suggested core outcome set 

described above. It is a 14 item questionnaire asking participants their level of 

agreement with statements that correlate with anxiety or depressive symptoms 

Appendix 10.307 

The 7 items that correlate with anxiety form the subscale HADS-A, whereas the 7 

items correlating with depressive symptoms form the HADS-D score, with each 

item having 4 levels, 0, 1, 2 and 3. Thus, scores for HADS-A and HADS-D can 

maximally score 21 in each subscale. Generally, scores ≥8 are considered as cut-

offs as a screening tools for anxiety or depression, with scores ≥15 indicating 

severe symptoms.308 309  

7.1.4 Duke activity status index 

The Duke Activity Status Index (DASI) was developed in 1989 and was designed 

and validated as a patient reported measure of functional capacity, correlating 

with peak oxygen capacity on exercise testing.310 It is a 12 item questionnaire 

asking participants to indicate ‘Yes’ or ‘No’ with regard to their ability to 

undertake various activities, e.g. Is the patient able to “run a short distance?”. 

Each item correlates to a numerical score, each with different weightings which 

are totalled following completion of the questionnaire. The maximum possible 

score is 58.2. 

DASI has been shown to correlate with HRQoL and adverse cardiovascular events 

in the heart failure population311 and with formal exercise testing in the chronic 

obstructive pulmonary disease (COPD) population.312 DASI at peri-operative 

 
8 The minimal clinically important difference (MCID) is defined as the smallest benefit of value to 

patients.304 
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assessment has been associated with death, myocardial injury and moderate to 

severe complications in patients undergoing non-cardiac surgery.313 In general, a 

DASI score of ≥34 has been associated with lower rates of death or myocardial 

injury in peri-operative populations. In patients with chronic heart failure, DASI 

scores <40 have a predicted two-fold increased risk of all-cause mortality.314  

DASI is included to explore the relationship between functional capacity and key 

characteristics related to sepsis admission and follow-up. 

7.1.5 Short-Form-36 Vitality domain 

Fatigue is a common symptom in survivors of critical illness and a suggested core 

outcome domain.297 This thesis utilises the vitality domain of the Short-form-36 

(SF-36), a score used to evaluate HRQoL by asking questions related to physical 

functioning; emotional well-being; role limitations due to physical or emotional 

problems; energy and fatigue; social functioning; pain and general health.232 

In a recent meta-analysis, the vitality domain has been demonstrated to capture 

fatigue in survivors of critical with scores reaching a nadir within 1 month of 

discharge.233 Whilst the SF-36 is not recommended as a core outcome measure, 

this thesis uses SF-36 vitality domain to augment EQ-5D-5L scores as an extended 

assessment of HRQoL Appendix 11. 

7.1.6 MRC Dyspnoea Scale 

The MRC dyspnoea scale has been studied extensively in respiratory populations. 

It is a 5 level ordinal scale, ranging from 0 (dyspnoea only with strenuous 

exercise) to 4 (too dyspnoeic to leave the house or breathless when dressing).315 

It has been integrated into the body mass, airflow obstruction, dyspnoea and 

exercise capacity (BODE) index, a measure for estimating mortality in 

populations with airways disease and is recommended in international guidelines 

for management of chronic obstructive lung disease.316 317 Given pulmonary 

function has been identified as a core outcome following critical illness, it is 

prudent to include a specific outcome measure for breathlessness Appendix 

12.297  
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7.2 Methods 

7.2.1 Study design 

The study design has been outlined in detail in Chapter 3. Survivors of an ICU 

admission with sepsis with no prior known cardiovascular disease or immune 

dysfunction were followed up 6-10 weeks following discharge from hospital 

where they underwent CMR imaging, biomarker analysis and completed a series 

of PROMs. 

Recruitment took place in two general ICUs in the West of Scotland. All follow-

up appointments for participants in the CMR imaging arm of the study, took 

place in the Clinical Research Facility of the Queen Elizabeth University Hospital 

campus and were conducted by research fellows. 

The relationship between exercise capacity, HRQoL, CMR findings and cardiac, 

renal and inflammatory biomarkers was explored.  Key objectives were to: 

• Describe patient-reported outcome measures in ICU survivors of sepsis. 

• Explore the association with left ventricular systolic dysfunction (LVSD) 

and measures of exercise capacity or HRQoL at 6-10 weeks following 

hospital discharge  

• Explore associations with biomarkers of cardiovascular and renal 

dysfunction or inflammation and PROMs in ICU survivors of sepsis. 

• Explore whether patient demographics, illness characteristics or 

biomarkers during ICU admission with sepsis can predict exercise capacity 

or HRQoL in the study population. 

• Explore whether there is a burden of anxiety or depression at 6-10 weeks 

post hospital discharge and whether this is associated with exercise 

capacity and HRQoL 
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7.2.2 Outcome measures 

The outcome measures recorded were as follows: 

• Duke Activity Status Index (DASI)310 

• MRC Dyspnoea Scale315 

• EuroQoL EQ-5D-5L Scale300 

• Hospital anxiety and depression score (HADS)307 

• Short Form-36 (Fatigue Domain)318 

Research fellows ensured that participant answers were entirely self-reported, 

and assisting participants only should they require clarification regarding 

conceptual understanding of components of the PROMs or further explain 

wording. 

The association of demographics, illness characteristics, CMR findings and 

biomarkers with PROMs was explored by modelling the predictive ability of 

select variables to predict DASI scores and the overall summary measures of EQ-

5D-5L (overall health-utility state and visual analogue scores). 

7.2.3 Statistical analysis 

Data are presented as medians (Q1, Q3) for continuous variables, or proportions 

n(%) for categorical variables. Median values and proportions of the overall 

cohort were tabulated to characterise overall degree of exercise capacity and 

HRQoL. To explore the relationship with LVSD, exercise capacity and HRQoL, 

median values and proportions were tabulated by LVSD. Wilcoxon rank sum 

tests, Kruskall-Wallis or Fisher’s exact tests were used to compare medians as 

appropriate, depending on whether the variables were compared between 

binary or multiple groups and whether outcomes were categorical or continuous. 

Univariate linear regression models were constructed to explore the relationship 

of patient demographics, illness severity, key CMR findings and PROMs. Due to 
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the sample-size, linear regression models were likely to be vulnerable to outliers 

in the data. Thus, DASI and EQ-5D-5L summary measures were plotted and their 

distribution visually inspected. If data were not normally distributed or had 

significant skew, overall ‘goodness of fit tests’ were conducted: Kolmogorov-

Smirnov, Cramer-von Mises and Anderson-Darling tests and Cullen-Frey plots 

were constructed to assess alternative distributions. If variables demonstrated 

evidence of significant deviation from normality, they were transformed and 

reassessed with further goodness of fit testing, with the more normally 

distributed transformation selected as the outcome variable for linear 

regression. 

On an exploratory basis, multivariable linear models were constructed to explore 

whether clinical frailty score (CFS) predicted DASI, EQ-5D-5L HUS and EQ-5D-5L 

VAS when accounting for presence of LVSD and follow-up values of NT-proBNP. 

These were generated post-hoc to explore the interaction between key 

cardiovascular outcomes explored in this thesis and established determinants of 

functional trajectory following admission. Regression models are presented as β 

values or odds ratios (β/OR, CI95%, p). 

Lastly, regression models were validated by assessment of QQ plot residuals and 

plotting quantiles of model residuals against simulated residuals to ensure model 

fit across their range. All statistical analyses were undertaken with R software 

(version 4.4.3, http://www.r-project.org) and conducted by the author of this 

thesis, supported by an experienced statistician.    

  

http://www.r-project.org/
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7.3 Results 

7.3.1 Overall summary of patient-reported outcome measures 

Table 7-1 presents overall summary values of PROMs across the cohort who 

attended follow-up (n=34). Figure 7-1 depicts a graphical illustration of the 

degree of impairments at follow-up reported by participants across EQ-5D-5L 

domains.    

Median DASI score was 21 (14, 37). Using EQ-5D-5L, the proportions of 

participants who reported any level of impairment in each domain was as 

follows: mobility 16/34 (47%), self-care 14/34 (41%), usual activities 22/34 

(65%), pain and discomfort 20/34 (59%), and anxiety/depression 22/34 (65%). 

The median overall health state and visual analogue scales were 0.79 (0.38, 

0.94) and 63 (45, 85) respectively. Median SF-36 vitality scores were 43 (21-61).  

Table 7-1 Patient-reported outcome measures in ICU survivors of sepsis 

Patient-reported outcome measure N = 34 

DASI Score, Median (IQR) 21 (14 – 37) 

MRC Dyspnoea Scale, Median (IQR) 2.50 (2.00 – 4.00) 

EQ-5D-5L Score (% with impairment at any level) 

    EQ-5D-5L Mobility, n (%) 16 (47) 

    EQ-5D-5L Self-Care, n (%) 14 (41) 

    EQ-5D-5L Usual Activities, n (%) 22 (65) 

    EQ-5D-5L Pain/Discomfort, n (%) 20 (59) 

    EQ-5D-5L Anxiety Depression, n (%) 22 (65) 

    EQ 5D 5L Overall Health State, Median (IQR) 0.74 (0.22 – 0.88) 

    EQ 5D 5L Visual Analogue Scale, Median (IQR) 63 (45 – 85) 

Hospital anxiety and depression score (HADS)  

    HADS Anxiety Score, Median (IQR) 6.0 (3.0 – 14.0) 

    HADS Depression Score, Median (IQR) 4.0 (1.0 – 11.0) 

SF-36 Energy and Fatigue Domain, Median (IQR) 43 (21 – 61) 

Abbreviations: DASI=Duke activity status index, EQ-5D-5L= EuroQol 5-level 5-dimension, HADS=Hospital anxiety and 

depression scale, IQR=Interquartile range, MRC=Medical research council, SF-36=Short form 36. 
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Figure 7-1 Overall prevalence and severity of impairments as measured by EQ-5D-5L in ICU 
survivors of sepsis 

The bar chart displays the 5 domains of EQ-5D-5L, with the distribution of impairments for 
each domain mapped by level scores across the study cohort. No problems (teal), slight 
problems (red), moderate problems (blue), severe problems (yellow) and unable/extreme 
problems (grey).  
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7.3.2 Patient-reported outcome measures by presence of left 
ventricular systolic dysfunction 

Table 7-2 displays PROMs, tabulated by presence of LVSD. Patients with LVSD 

had lower median DASI scores (14.48 (1.00, 24.20) vs 21.45 (16.20, 36.70), 

p=0.25), higher MRC dypsnoea scores (4 (2, 5) vs 2 (2, 4), p=0.11), lower median 

EQ-5D-5L visual analogue score (55 (25, 65) vs 70 (52, 90), p = 0.069 and overall 

health state (0.36 (0.12, 0.86) vs 0.80 (0.42, 0.94), p = 0.15). Patients with LVSD 

also had lower scores in the SF-36 vitality domain (21.25 (11 – 55.75) vs 45.75 

(21.25, 60.50) p = 0.36). Despite a consistent trend of reduced exercise capacity 

and HRQoL, none of these differences were statistically significant. 

 

Patients with LVSD had higher proportions of impairment in every domain of EQ-

5D-5L (Figure 7-2). This was particularly marked in the self-care domain, where 

there was a significant difference in the distribution, with 3 (57%) participants 

reporting moderate impairments or above, compared with 6 (22%) in the group 

without LVSD (p = 0.024). 
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Table 7-2 Patient-reported outcome measures in ICU survivors of sepsis tabulated by presence of left ventricular systolic dysfunction 

Patient-reported outcome measure 
No LVSD 

N = 27 

LVSD 

N = 7 
p-value1 

DASI Score, Median (IQR) 21.45 (16.20 – 6.70) 14.48 (10.00 – 24.20) 0.343 

MRC Dyspnoea Scale, Median (IQR) 2 (2 – 4) 4 (2 – 5) 0.111 

EQ-5D-5L Score (Any level of impairment) 

  EQ-5D-5L Mobility, n (%) 12 (44) 4 (57) 0.681 

  EQ-5D-5L Self-Care, n (%) 10 (37) 4 (57) 0.410 

  EQ-5D-5L Usual Activities, n (%) 17 (63) 5 (71) >0.999 

  EQ-5D-5L Pain/Discomfort, n (%) 14 (52) 6 (86) 0.198 

  EQ-5D-5L Anxiety Depression, n (%) 17 (63) 5 (71) >0.999 

  EQ 5D 5L Visual Analogue Scale, Median (IQR) 70 (52 – 90) 55 (25 – 65) 0.069 

    EQ 5D 5L Overall Health State, Median (IQR) 0.77 (0.42 – 0.94) 0.22 (0.12 – 0.86) 0.146 

Hospital anxiety and depression scores 

    HADS Anxiety Score, Median (IQR) 6(3 – 15) 9 (6 – 14) 0.454 

    HADS Depression Score, Median (IQR) 4 (1 – 11) 5 (2 – 11) 0.549 

SF-36 Energy and Fatigue Domain, Median (IQR) 45.75 (21.25 – 0.50) 21.25 (11 – 55.75) 0.359 
1Wilcoxon rank sum test; Fisher's exact test. Abbreviations: DASI=Duke activity status index, EQ-5D-5L= EuroQol 5-level 5-dimension, HADS=Hospital anxiety and depression scale, IQR=Interquartile 

range, MRC=Medical research council, SF-36=Short form 36. 

 



208 

 

Figure 7-2  Overall prevalence and severity of impairments as measured by EQ-5D-5L in ICU survivors of sepsis with and without left ventricular systolic 
dysfunction  

EQ-5D-5L impairments are mapped by presence of no LVSD (left) and LVSD (right) The distribution of impairments for each EQ-5D-5L domain is mapped by 
level scores across the study cohort. No problems (teal), slight problems (red), moderate problems (blue), severe problems (yellow) and unable/extreme 
problems (grey).   
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7.3.3 Univariate regression analysis of log DASI scores in 
participants at follow-up 

Table 7-3 displays univariate linear regression analysis of patient characteristics, 

CMR findings and biomarkers at recruitment and at 6-10 weeks post hospital 

discharge and their ability to predict log DASI scores. 

Only clinical frailty score at admission to intensive care demonstrated a 

significant ability to predict log DASI scores at 6-10 weeks following hospital 

discharge (β -0.026 (-0.43,-0.09) p=0.005), indicating a significant decrease in 

logDASI score for every successive stage in frailty. Figure 7-3 displays median 

DASI scores by category of frailty on admission to intensive care, demonstrating 

the general trend towards progressively lower scores depending on degree of 

frailty. (Χ2
(KW).8.27, p = 0.07). 

 

Figure 7-3 Median DASI scores at 6-10 weeks post-hospital discharge, by clinical frailty 
scale on admission to ICU 
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Table 7-3 Univariate linear regression analysis of patient demographics, illness 
characteristics, CMR findings and biomarkers with log DASI scores in ICU survivors of 
sepsis at 6-10 weeks post-hospital discharge 

Characteristic Beta 95% CI p-value 

Patient characteristics 

    Age -0.01 -0.03, 0.01 0.581 

    Clinical frailty scale -0.26 -0.43, -0.09 0.005 

    Charleson comorbidity index -0.05 -0.25, 0.15 0.626 

Illness and hospital characteristics 

    APACHE II score -0.02 -0.04, 0.01 0.283 

    SOFA Score -0.02 -0.09, 0.05 0.603 

    ICU length of stay (days) -0.01 -0.03, 0.00 0.131 

    Hospital length of stay (days)  0.00 -0.01, 0.00 0.262 

CMR at 6-10 weeks post-hospital discharge 

    Left ventricular ejection fraction 

(LVEF%) 

 0.00 -0.02, 0.03 0.726 

    LVSD (Yes vs No) -0.35 -0.97, 0.27 0.256 

Biomarkers at point of ICU discharge 

    log hs-TnT pg/mL -0.13 -0.37, 0.10 0.256 

    log NT-proBNP pg/mL -0.08 -0.21, 0.04 0.188 

    MR-proADM nmol/L -0.02 -0.17, 0.13 0.801 

    Cystatin C umol/L -0.09 -0.43, 0.24 0.563 

    hs-CRP mg/L  0.00 0.00, 0.00 0.297 

    TNF-α pg/mL  0.00 -0.02, 0.02 0.829 

    IL-6 pg/mL  0.00 -0.01, 0.00 0.442 

Biomarkers at 6-10 weeks post-hospital discharge 

    log hs-TnT pg/mL -0.21 -0.53, 0.11 0.196 

    log NT-proBNP pg/mL -0.10 -0.24, 0.05 0.188 

    log NT-proBNP pg/mL -0.22 -0.70, 0.26 0.365 

    MR-proADM nmol/L -0.65 -1.40, 0.11 0.091 

    Cystatin C mg/L -0.02 -0.05, 0.02 0.326 

    hsCRP mg/L -0.02 -0.05, 0.01 0.237 

    TNF-α pg/mL -0.03 -0.08, 0.01 0.155 

    IL-6 pg/mL -0.21 -0.53, 0.11 0.196 

Abbreviations= APACHE=Acute physiology and chronic health evaluation, hs-CRP=High sensitivity C-reactive protein, 
hs-TnT=High sensitivity Troponin T, ICU=Intensive care unit, IL-6=Interleukin 6, MR-proADM=Midregional pro-

adrenomedullin, NT-proBNP=N-terminal pro-B-type natriuretic peptide, TNF-α=Tumour necrosis factor alpha, 
SOFA=Sequential organ failure assessment 
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7.3.4 Univariate regression analysis of EQ-5D-5L overall health-
utility score at follow-up 

Table 7-1 displays univariate linear regression analysis of patient characteristics, 

CMR findings and biomarkers and their ability to predict EQ-5D-5L overall health 

utility score. There were no statistically significant associations demonstrated 

with univariate modelling. Although clinical frailty score demonstrated a similar 

stepwise trend in reduced scores, this was not statistically significant.  

Figure 7-4 demonstrates the trend in EQ-5D-5L overall health state scores with 

increasing frailty score. 

 

Figure 7-4 Median EQ-5D-5L overall health state scores at 6-10 weeks post-hospital 
discharge, by clinical frailty scale on admission to ICU 
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Table 7-4 Table 7 5 Univariate linear regression analysis of patient demographics, illness 
characteristics, CMR findings and biomarkers with EQ-5D-5L health utility score in ICU 
survivors of sepsis at 6-10 weeks post-hospital discharge 

Characteristic Beta 95% CI p-value 

Patient characteristics 

    Age 0.00 -0.01, 0.01 0.749 

    Clinical frailty scale -0.09 -0.19, 0.01 0.070 

    Charleson comorbidity index 0.03 -0.07, 0.13 0.552 

Illness and hospital characteristics 

    APACHE II score -0.01 -0.02, 0.01 0.365 

    SOFA Score 0.00 -0.04, 0.03 0.902 

    ICU length of stay (days) -0.01 -0.02, 0.00 0.144 

    Hospital length of stay (days) 0.00 0.00, 0.00 0.260 

CMR at 6-10 weeks post-hospital discharge 

    Left ventricular ejection fraction 

(LVEF%) 

0.00 -0.01, 0.02 0.567 

    LVSD (Yes vs No) -0.23 -0.56, 0.09 0.153 

Biomarkers at point of ICU discharge 

    log hs-TnT pg/mL -0.05 -0.17, 0.08 0.445 

    log NT-proBNP pg/mL -0.04 -0.11, 0.03 0.243 

    MR-proADM nmol/L -0.03 -0.10, 0.05 0.472 

    Cystatin C umol/L -0.11 -0.27, 0.06 0.208 

    hs-CRP mg/L 0.00 0.00, 0.00 0.141 

    TNF-α pg/mL 0.00 -0.01, 0.01 0.863 

    IL-6 pg/mL 0.00 0.00, 0.00 0.073 

Biomarkers at 6-10 weeks post-hospital discharge 

    log hs-TnT pg/mL -0.10 -0.27, 0.06 0.218 

    log NT-proBNP pg/mL -0.04 -0.12, 0.03 0.259 

    log NT-proBNP pg/mL -0.19 -0.44, 0.07 0.142 

    MR-proADM nmol/L -0.10 -0.44, 0.24 0.548 

    Cystatin C mg/L -0.01 -0.03, 0.01 0.391 

    hsCRP mg/L -0.01 -0.02, 0.01 0.421 

    TNF-α pg/mL -0.02 -0.04, 0.01 0.136 

    IL-6 pg/mL -0.10 -0.27, 0.06 0.218 

Abbreviations= APACHE=Acute physiology and chronic health evaluation, hs-CRP=High sensitivity C-reactive protein, 
hs-TnT=High sensitivity Troponin T, ICU=Intensive care unit, IL-6=Interleukin 6, MR-proADM=Midregional pro-

adrenomedullin, NT-proBNP=N-terminal pro-B-type natriuretic peptide, TNF-α=Tumour necrosis factor alpha, 
SOFA=Sequential organ failure assessment 
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7.3.5 Univariate analysis of EQ-5D-5L visual analogue scores in 
participants at follow-up  

Figure 7-5 displays univariate regression of patient and illness characteristics, 

biomarkers and CMR findings with patient reported visual analogue scores. CFS 

was, again, the only significant predictor of EQ-5D-5L visual analogue score (β=-

6.24 (-12.3, -0.78) p = 0.044).  

There was a downward trend in median EQ-5D-5L VAS for every progressive 

category of CFS (Figure 7-5), albeit these differences were not statistically 

significant (Χ2
(KW).7.5, p = 0.19). 

  

Figure 7-5 Median EQ-5D-5L visual analogue scores at 6-10 weeks post-hospital discharge, 
by clinical frailty scale on admission to ICU 
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Table 7-5 Univariate linear regression analysis of patient demographics, illness 
characteristics, CMR findings and biomarkers with EQ-5D-5L visual analogue score in ICU 
survivors of sepsis at 6-10 weeks post-hospital discharge 

Characteristic Beta 95% CI p-value 

Patient characteristics 

    Age 0.16 -0.50, 0.81 0.627 

    Clinical frailty scale -6.24 -12.30, -0.18 0.044 

    Charleson comorbidity index -0.42 -6.72, 5.88 0.894 

Illness and hospital characteristics    

    APACHE II score -0.15 -1.13, 0.83 0.752 

    SOFA Score 0.08 -2.19, 2.35 0.945 

    ICU length of stay (days) -0.52 -1.07, 0.04 0.067 

    Hospital length of stay (days) -0.13 -0.32, 0.06 0.182 

CMR at 6-10 weeks post-hospital discharge 

Left ventricular ejection fraction 
(LVEF%) 

0.56 -0.29, 1.4 0.187 

    LVSD (Yes vs No) -19.00 -38, 0.87 0.060 

Biomarkers at point of ICU discharge 

    log hs-TnT pg/mL -2.57 -10.24, 5.10 0.500 

    log NT-proBNP pg/mL -2.15 -6.25, 1.95 0.293 

    MR-proADM nmol/L -1.59 -6.36, 3.19 0.502 

    Cystatin C umol/L -5.08 -15.54, 5.38 0.330 

    hs-CRP mg/L -0.04 -0.12, 0.04 0.324 

    TNF-a pg/mL 0.04 -0.54, 0.63 0.880 

    IL-6 pg/mL -0.08 -0.22, 0.05 0.201 

Biomarkers 6-10 weeks post-hospital discharge 

    log hs-TnT pg/mL -8.98 -18.90, 0.93 0.074 

    log NT-proBNP pg/mL -2.49 -7.26, 2.27 0.295 

    log NT-proBNP pg/mL -10.01 -25.98, 5.97 0.211 

    MR-proADM nmol/L -16.52 -36.82, 3.79 0.107 

    Cystatin C mg/L -0.19 -1.34, 0.96 0.742 

    Hs-CRP mg/L -0.53 -1.52, 0.45 0.279 

    TNF-a pg/mL -1.13 -2.53, 0.27 0.109 

    IL-6 pg/mL -8.98 -18.90, 0.93 0.074 
Abbreviations= APACHE=Acute physiology and chronic health evaluation, hs-CRP=High sensitivity C-reactive protein, 
hs-TnT=High sensitivity Troponin T, ICU=Intensive care unit, IL-6=Interleukin 6, MR-proADM=Midregional pro-
adrenomedullin, NT-proBNP=N-terminal pro-B-type natriuretic peptide, TNF-α=Tumour necrosis factor alpha, 
SOFA=Sequential organ failure assessment 
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7.3.6 Multivariate regression analysis of clinical frailty score and 
patient-reported outcome measures 

Table 7-6 displays univariate and multivariate regression analysis of clinical 

frailty scale and its ability to predict patient reported exercise capacity, health 

state and overall perception of health as measured by logDASI scores and EQ-5D-

5L, adjusting for presence of LVSD and NT-proBNP at 6-10 weeks post-hospital 

discharge. Despite imaging and biochemical findings, CFS remained 

independently predictive of logDASI score (β -0.24 (-0.42, -0.010) p=0.010).  

7.4 Discussion 

These results demonstrate that in a cohort of ICU survivors of sepsis, without 

prior ischaemic heart disease or heart failure, exercise capacity was reduced in 

the majority of participants as measured by DASI score.  HRQoL measures were 

also reduced as measured by EQ-5D-5L. In every domain of EQ-5D-5L, at least 

40% of participants reported ‘slight’ impairment or above. 

Overall, the cohort had a high prevalence of impairments across all HRQoL 

domains.  The impairments observed in the cohort with LVSD were often more 

severe across all domains albeit scores did not achieve statistical significance. 

The study was not powered to detect differences in HRQoL or exercise capacity 

measures and as such any findings or extrapolation should be interpreted with 

caution. Nonetheless, the overall outcomes are of a similar range to those 

observed in other studies utilising EQ-5D-5L in critical illness populations, 

supporting the need for further investigation in this population.209 319-321 

Survivors with LVSD had marked reductions in exercise capacity as measured by 

median DASI scores. Even in survivors with no LVSD, median DASI scores were at 

levels associated with significant functional impairment associated with an 

increased risk of all-cause mortality in peri-operative or heart failure 

populations.313 314 EQ-5D-5L scores were also reduced in terms of HUS and VAS 

across the study population and more marked in participants who had LVSD at 

follow-up. 
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Table 7-6 Multivariate regression analysis of clinical frailty scale and its ability to predict logDASI scores, EQ-5D-5L overall health state and EQ-5D-5L 
visual analogue scores, accounting for LVSD and NT-proBNP on follow-up 

Regression model  logDASI EQ-5D-5L HUS EQ-5D-5L VAS 

 Beta 95% CI p-value Beta 95% CI p-value Beta 95% CI p-value 

Unadjusted analysis 

Clinical Frailty Scale 
-0.26 -0.43, -0.09 0.005 -0.09 -0.19, 0.01 0.070 - 6.24 -12.30, -

0.18 
0.044 

Adjusted for LVSD 

Clinical Frailty Scale -0.25 -0.42, -0.07 0.009 -0.08 -0.18, 0.02 0.124 - 5.18 -11.28, 0.92 0.093 

LVSD (Yes/No) -0.17 -0.74, 0.41 0.558 -0.18 -0.50, 0.15 0.281 -14.93 -34.47, 4.61 0.129 

Adjusted for LVSD and NTproBNP 

Clinical Frailty Scale -0.24 -0.42, -0.06 0.010 -0.08 -0.18, 0.03 0.133 - 5.18 -11.39, 1.03 0.099 

LVSD (Yes/No) 0.00 -0.71, 0.70 0.996 -0.14 -0.53, 0.26 0.480 -15.07 -38.61, 8.47 0.201 

log NTproBNP1 -0.07 -0.23, 0.10 0.409 -0.02 -0.11, 0.07 0.712  0.06 - 5.37, 5.49 0.982 
1NT-proBNP values at 6-10 weeks post hospital discharge. Abbreviation: CI = Confidence Interval, DASI=Duke activity status index, EQ-5D-5L=EuroQol 5 dimension 5 level, HUS=Health utility score, 
LVSD=Left ventricular systolic dysfunction, NT-proBNP=N-terminal pro-B-type natriuretic peptideVAS=Visual analogue scale 

 

 



HADS median anxiety scores reflected clinically significant symptomatology in 

study participants. Whilst these rates were higher in participants with LVSD they 

were not statistically significant. Severity of depressive symptoms in all survivors 

were below thresholds considered for investigating for depressive disorders. 

Despite the differences in function and exercise capacity between those with 

and without LVSD, the strongest independent predictor of outcomes at follow-up 

was CFS at admission. Even when accounting for NT-proBNP and presence of 

LVSD, incremental progression in CFS was independently predictive of DASI score 

at follow-up. This is perhaps not surprising and reflects the known importance of 

prior frailty and function in determining overall patient trajectory following 

critical illness.6 322 323 Given the study population reflect those who managed to 

attend follow-up post critical illness, it may be that participants had a reduced 

overall burden of frailty in comparison to all of those who were initially 

recruited, with more favourable physical and psychological outcomes than is 

reflective of the general ICU survivor population. Future research is needed to 

greater understand the impact of frailty on long-term outcomes following 

critical illness and the interplay between frailty and acquisition of additional 

comorbidities following ICU admission. 

Despite the significance of frailty in this study, the reduction in exercise 

capacity and HRQoL measures in participants with new LVSD suggests that 

further research may further elucidate a group with significantly poorer patient-

important outcomes. If this was the case, then LVSD may represent a discrete, 

acquired comorbidity following intensive care with a potentially modifiable 

disease trajectory. This is an attractive premise, as rather than viewing PICS as a 

collection of interrelated functional and psychological impairments that occur as 

a direct consequence of critical illness in general, we could move towards 

viewing these impairments as symptoms of discrete comorbidities acquired due 

to the idiosyncratic consequences of individual patient journeys. These 

comorbidities may be acquired due to sequelae of the index illness, treatments 

required or due to a complex interaction of illness and treatment factors with 

underlying patient characteristics. This hypothesis allows us to focus on 

identifying specific diseases with an established evidence base, in this particular 

case, chronic heart failure. 
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There is significant overlap with symptoms of chronic heart failure and the 

spectrum of symptoms experienced in PICS.2 125 It is too simplistic to suggest that 

symptoms of left ventricular dysfunction are the main driver of functional 

impairment in PICS, however it is compelling to consider cardiac dysfunction as 

one of several potential drivers of functional impairment, reduced exercise 

tolerance and reduced HRQoL. If this were the case, there is potentially a 

subpopulation of sepsis or critical illness survivors that may be amenable to 

disease modifying therapies that reduce the risk of rehospitalisation or 

functional decline. Further prospective studies are required to delineate the 

association between discrete comorbidities that occur following critical illness 

and the degree to which their symptoms are associated with functional 

impairments. 

This study has limitations. The nature of PROMs are such that they are not 

objective measures of exercise capacity or other physical functions, in 

comparison to cardiopulmonary exercise testing or grip strength, for example. It 

may be that more objective measures capture a differing prevalence or burden 

of symptoms and impairment in this population. However, the measures used in 

this study are part of a core outcome measure set developed in survivors of ARF. 

DASI has been shown to correlate with other measures of physical capacity and 

EQ-5D-5L has been validated as a tool for measuring quality of life in multiple 

populations including critical illness.310 320 324 325 When the study was conceived, 

it was felt that further exercise testing, in addition to a relatively lengthy 

imaging study along with patient interview may be too arduous for participants 

with significant psychological and physical impairments following prolonged 

hospital admission. The attrition rate, although common in other critical care 

literature may suggest that more arduous objective tests, beyond what was 

already proposed, may have been a step too far for some of our participants. 

Lastly, the study was not powered to detect differences in the outcome measure 

scales utilised and as such there is a risk the data may not detect clearer 

differences in the study population.  

7.5 Conclusion  

This study demonstrates a reduced exercise capacity and reduced HRQoL 

measures in a cohort of 34 survivors of sepsis, without prior known heart failure 
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or ischaemic heart disease. Survivors with LVSD had lower median measures of 

HRQoL, exercise capacity and fatigue as measured by EQ-5D-5L, DASI and the SF-

36 vitality domain, although these were not statistically significant. Clinical 

frailty score on admission to ICU was the only patient demographic predictive of 

reduced measures of exercise capacity or HRQoL at follow-up. Further studies of 

LVSD following critical illness are required to further characterise the 

relationship between LVSD and physical impairments following recovery. 



Chapter 8 Discussion 

8.1 Introduction 

In the following chapter, the findings of this thesis are summarised and strengths 

and limitations of the work are discussed. The chapter will consider the 

prevalence of LVSD observed in the study cohort, potential driving mechanisms, 

and the implications for recovery and quality of life following an admission to 

the ICU. Finally, the chapter will consider future directions for the study of 

cardiovascular disease and multimorbidity acquired following critical illness. 

8.2 Summary of thesis findings 

The primary results and findings from this thesis are as follows. 

8.2.1 Scoping review of cardiovascular dysfunction following 
admission with sepsis 

Chapter 2 presents a scoping review of the literature pertaining to 

cardiovascular dysfunction following hospital admission with sepsis. It 

demonstrates that whilst there are many studies exploring the relationship 

between sepsis admission and adverse cardiovascular outcomes, almost all of 

these data explore incident cardiovascular outcomes in the follow-up period. 

Furthermore, whilst studies explore a wide range of differing adverse 

cardiovascular outcomes, less than half the identified literature examined 

objective methods of cardiovascular assessment, for example cardiac imaging or 

biomarker analysis. No studies were found that prospectively investigated 

cardiovascular function or dysfunction during recovery using objective measures 

of cardiovascular dysfunction, for example imaging or biomarkers. 

As such, the scoping review identified gaps in the existing literature. The full 

extent to which patient demographics or illness characteristics might increase 

the risk of post-critical illness cardiovascular disease are unclear. Consequently, 

there is little to guide future to research to stratify the risk of cardiovascular 

disease following admission. Although there are many data exploring and 

quantifying the risk of adverse cardiovascular events following sepsis admission, 

there are few data exploring underlying mechanisms, with only one study 
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identified that explored mechanistic observations following the participants’ 

index illness. 

The scoping review highlights a need for further research in this area. The 

subsequent chapters in this thesis begin to address these gaps.  

8.2.2 Study cohort and participant demographics 

Chapter 4 demonstrates key demographic data of patients recruited to a 

prospective, multi-centre, multimodal cohort study aimed at characterising 

cardiovascular function in ICU survivors of sepsis. To the author’s knowledge, it 

is the first study to prospectively recruit ICU survivors and undertake 

cardiovascular imaging, in combination with biomarker analysis and PROMS 

following admission. 

It outlines evidence supporting the feasibility of this methodology in ICU 

survivors and demonstrates how it could potentially be used for larger 

observational cohort studies or even randomised controlled trials in similar 

cohorts. It also demonstrates recruitment and study retention rates that are 

similar to other studies in other populations.30 31 The demographics of the overall 

population are demonstrably similar to other large cohort studies of ICU 

survivors of sepsis.64 241 

For participants that met criteria for follow-up imaging outlined in the study 

protocol, CMR scanning was well tolerated by patients who attended and could 

be used to create detailed assessments of cardiovascular function which were 

subsequently compared with biomarkers and patient reported outcomes.   

The chapter presents key feasibility data that can be used  to plan further 

investigations of cardiovascular dysfunction in ICU survivors of sepsis, or indeed 

other discrete comorbidities that can be investigated using similar methodology. 

8.2.3 CMR findings in ICU survivors of sepsis 

Chapter 5 characterises cardiovascular function using CMR imaging in ICU 

survivors of sepsis. In the study population, seven (20.6%) of participants had 

LVSD 6-10 weeks following hospital discharge, a prevalence comparable to other 
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populations with traditional cardiovascular risk factors such as diabetes or 

hypertension.260 261 To the authors knowledge, this is the first study to 

prospectively characterise cardiac function in this population using this 

modality.  

Acute LV dysfunction whilst in ICU was predictive of LVSD 6-10 weeks post 

hospital discharge. LVEF, used to define LVSD in this study, was associated with 

severity of illness as measured by SOFA score. In addition, LVEF was associated 

with duration of cardiovascular support, ICU LOS and NT-proBNP at both ICU 

discharge and 6-10 weeks post-hospital discharge. 

Participants with LVSD predominantly had global LV dysfunction, with no 

regional component or evidence of myocardial scar on LGE contrast sequences, 

suggesting a more diffuse process rather than infarction. There were modest 

elevations in myocardial ECV, perhaps indicating some mild oedema or subtle 

remodelling. Participants with LVSD also had a high prevalence of RVSD. 

8.2.4 Biomarkers of cardiovascular dysfunction and inflammation 

Chapter 6 analysed the biomarkers which were obtained in this study population. 

In particular, it focussed on biomarkers of cardiovascular dysfunction, 

inflammation and renal dysfunction. Perhaps most striking, are the marked 

elevations in NT-proBNP across the study cohort. The study demonstrates that in 

a cohort of ICU survivors of sepsis with no prior diagnosis of heart failure or 

coronary artery disease, that NT-proBNP values are markedly elevated at the 

point of ICU discharge, a time where patients would be considered fit for a 

lower acuity environment with little or minimal requirement for ongoing organ 

support and monitoring. Participants also had elevated biomarkers of hs-TnT, a 

biomarker of myocardial injury. 

In comparison to those without, participants with LVSD had significant 

differences in NT-proBNP at 6-10 weeks post hospital discharge, with median 

values beyond the threshold required to support a chronic heart failure 

diagnosis. These participants also had markedly higher values of NT-proBNP on 

discharge from ICU, albeit this was not statistically significant. 
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At 6-10 weeks following hospital discharge, participants with LVSD had 

significantly increased values of NT-proBNP, MR-proADM, Cystatin-C and the 

inflammatory biomarkers TNF-α and IL-6. These biomarkers were all predictive 

of LVSD on univariate logistic regression modelling. 

Similar to LVEF in the previous chapter, NT-proBNP values at follow-up were 

predicted by severity of illness scores (APACHE II and SOFA) as well as ICU LOS 

and duration of cardiovascular support. NT-proBNP values could also be 

predicted by biomarkers of renal dysfunction (cystatin-C) and the inflammatory 

biomarkers, TNF-α, IL-6, IL-8 and procalcitonin. These findings support the 

hypothesis that persisting inflammation in sepsis survivors is associated with 

long-term cardiovascular dysfunction. 

8.2.5 Exercise capacity and health related quality-of-life in ICU 
survivors of sepsis 

Chapter 7 found that this study cohort had reduced exercise capacity and high 

levels of impairment across all domains of EQ-5D-5L. There were reductions in 

exercise capacity, overall health utility scores and participants self-perceived 

health ratings as measured by EQ-5D-5L visual analogue scores. Reductions were 

particularly evident in participants with LVSD, albeit not statistically significant. 

Participants with LVSD had reduced exercise capacity and lower ratings in terms 

of health related quality of life. Although these differences were not significant, 

the study was not powered to detect these differences. Similarly, CMR findings 

or biomarkers of cardiovascular dysfunction were not significantly predictive of 

patient reported outcome measures in the study cohort. Clinical frailty score at 

admission was the only participant characteristic associated with DASI score or 

HRQOL measured at 6-10 weeks post hospital discharge. For DASI scores, this 

relationship was independent of NTproBNP values or presence of LVSD at follow 

up. 

These findings demonstrate the overall importance of prior functional status in 

determining overall trajectory following critical care admission. Although there 
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were no significant differences in overall HRQOL in participants with LVSD, the 

study was not powered to detect these differences. Nonetheless, LVSD was 

negatively associated with DASI and both EQ-5D-5L HUS and VAS, almost crossing 

the threshold for statistical significance for the latter.  Further exploration in 

future work is required to further characterise the impact of LVSD acquired 

following ICU admission with sepsis on exercise capacity and HRQOL  . 

8.3 Clinical implications of the work as a whole 

Although implications have been discussed in each chapter, it is worth 

considering the work as a whole, before discussing limitations of the thesis. 

8.3.1 Cardiac dysfunction in survivors of sepsis 

In this study of 50 ICU survivors of sepsis without prior heart failure or coronary 

artery disease, 34 went on to undergo follow-up investigations 6-10 weeks 

following discharge. Of these, seven (20.6%) had LVSD on CMR imaging. 

It is increasingly recognised that adverse cardiovascular outcomes following 

admission with sepsis are common. A recent systematic review identified that 

following sepsis, hazard ratios of myocardial infarction, stroke and congestive 

heart failure are 1.77 (95%CI 1.26, 2.48), 1.67 (95%CI 1.37, 2.05) and 1.65 (95%CI 

1.46, 1.86) respectively compared to non-sepsis controls, with the risk persisting 

at least 5 years following discharge.105 Furthermore, admission with congestive 

heart failure is one of the most common reasons for hospital readmission 

following sepsis, accounting for readmission in 3-5% of patients following 

discharge from hospital.106 326 To the authors knowledge, this is the first study 

which may provide objective evidence of cardiovascular function following 

discharge explaining why these adverse cardiovascular events may occur. 

The high prevalence of LVSD is an important finding. LVSD represents an 

objective diagnosis, with treatment options available that may improve the 

recovery trajectory. However, it is important to highlight that LVSD on its own is 

not synonymous with a diagnosis of heart failure. Rather, heart failure as 

defined by current ESC guidelines, is a ‘clinical syndrome characterized by 

cardinal symptoms (e.g. breathlessness, ankle swelling and fatigue) that may be 
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accompanied by signs (e.g. elevated jugular venous pressure, pulmonary 

crackles, and peripheral oedema), due to structural and/or functional 

abnormality of the heart that result in elevated intracardiac pressures and /or 

inadequate cardiac output at rest and/or during exercise’.125 

In contrast to the ESC definition, the American College of Cardiology/American 

Heart Association (ACC/AHA) guidelines for the management of heart failure set 

out a staged definition of heart failure, with a focus on development and 

progression of disease.149 The term ‘Stage B Heart Failure (HF)’ has been defined 

as patients with no symptoms or signs of HF and one of: evidence of structural 

heart disease (e.g. left or right systolic dysfunction); evidence of increased 

filling pressures by invasive methods or on imaging; or patients with risk factors 

and increased levels of BNP or persistently elevated troponin.149 Stage B heart 

failure has been recognised in various populations as a risk factor for disease 

progression to so called Stage C or D heart failure, with definitions that are 

much more aligned with ESC criteria.125 149 264 327 328 

Although the risk of symptomatic heart failure is established for those with 

asymptomatic LVSD, much of the evidence for pharmacological treatment is in 

groups with LVEF<40%. Studies to examine the benefits of treating those with 

moderately reduced ejection fraction have been limited, with much of the focus 

on treatment of underlying cardiovascular risk factors or treatment of associated 

conditions, e.g. coronary vascular disease or valvulopathies.149 

Regardless of whether sepsis survivors develop asymptomatic LVSD or meet 

criteria for a diagnosis of chronic heart failure, the findings of this study begin 

to fill a significant gap in the literature between the acute cardiac dysfunction 

commonly seen during sepsis admission and the increased risk of cardiovascular 

events that follow.105 189 The large proportion of participants with LVSD observed 

in this study support the hypothesis that chronic cardiovascular disease is 

prevalent in ICU survivors, and may be amenable to disease modifying 

treatment. 

This subsequently raises the question as to whether there are any predictive 

factors by which we can better identify those at risk in the population. In this 

thesis, sepsis survivors who had LVSD had median NT-proBNP values >125 pg/mL, 
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i.e. above a clinical threshold supportive of a chronic heart failure diagnosis in 

international guidelines in patients with associated symptoms and functional 

cardiac abnormalities.125 149 Similarly, NT-proBNP values >400pg/mL were 

significantly predictive of LVSD in the study population. Furthermore, NT-proBNP 

and hs-TnT was associated with LVEF. All of these findings highlight that the use 

of NT-proBNP in combination with symptom burden in ICU survivors of sepsis 

could be used to identify patients at risk of heart failure on follow-up. Future 

research should further explore the utility of NT-proBNP in identifying chronic 

heart failure in this population. 

Fatigue and breathlessness are common symptoms following intensive care 

admission and may be attributed to the general consequences of critical illness.2 

5 40 296 297 Similarly, although NT-proBNP is primarily used as a biomarker in heart 

failure, it is known to be associated with other heart conditions and has been 

associated with other factors such as increasing age or conditions such as 

cirrhosis.222 243 It is not surprising that, despite breathlessness or fatigue being 

core heart failure symptoms, suspicion of new onset heart failure following ICU 

admission may be easily overlooked or attributed to PICS in general, even in the 

presence of abnormal biomarkers of cardiovascular dysfunction. The findings of 

this study provides a foundation for exploring the use of NT-proBNP for assessing 

risk of heart failure in ICU survivors. 

There were also some associations with LVSD and factors relating to illness 

severity or characteristics. For example, LVSD during admission was associated 

with LVSD at follow-up. Furthermore, secondary outcomes such as NT-proBNP 

and LVEF at 6-10 weeks post-hospital discharge were associated with NT-proBNP 

on ICU discharge, illness severity scores, duration of cardiovascular support and 

ICU LOS. Whilst these findings should be interpreted with caution, they provide 

potential predictors of LVSD at follow-up that if confirmed in larger studies – 

could potentially be used to identify at risk participants before leaving the ICU. 

These findings also bring into question the concept of so-called ‘septic 

cardiomyopathy’. This condition, thought to be in part due to protective 

mechanisms activated during sepsis is traditionally considered to be reversible in 

nature, with little or no long-term consequence.162 The findings of this study 

challenge this hypothesis. Participants who had acute LVSD were at significant 
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risk of LVSD at follow-up. Whilst septic cardiomyopathy refers to a condition 

thought to be aetiologically distinct from MI or other types of myocardial injury, 

the paucity of data that examining objective measures of cardiac function 

following ICU means further study is required to examine whether this is indeed 

the cause or whether ICU survivors may yet be at risk of cardiovascular disease 

following admission.  

8.3.2 Mechanisms of cardiovascular disease following sepsis 

The above brings us to consider potential mechanisms of LVSD following sepsis. 

There are multiple potential reasons why survivors of sepsis might be at risk of 

LVSD, heart failure or other adverse cardiovascular outcomes following 

admission, outlined in Figure 8-1. 

In terms of factors during related to admission, LVSD identified during the index 

illness was associated with its persistence 6-10 weeks following discharge. 

Furthermore, LVEF was related to severity of illness as measured by SOFA score, 

duration of cardiovascular support and ICU LOS. Overall, this implies that 

severity of illness and the degree of support may have long term implications for 

LV function. 

Cardiovascular support provided in the ICU is not a benign intervention. Beyond 

the direct consequences of exposure to procedures such as central venous 

catheter insertion, multiple ICU trials comparing blood pressure targets or 

different vasoactive medications have demonstrated that the vasoactive agents 

(e.g. noradrenaline or vasopressin) commonly used for haemodynamic support 

are associated with higher rates of complications such as arrythmia, acute 

myocardial infarction, acute kidney injury and tissue ischaemia.329-331 Similarly, 

there are multiple injurious mechanisms by which interventions such as 

mechanical ventilatory support might be associated with worse outcomes.332 The 

data in this thesis support the hypothesis that continued and persistent exposure 

to the supportive interventions in intensive care may be injurious to the 

cardiovascular system and have long-term consequences. This is further 

supported by data in the literature demonstrating biomarkers, such as troponin 

and NT-proBNP, are associated with adverse outcomes and mortality following 

discharge from intensive care.114 151 
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Figure 8-1 Conceptual model describing potential pathways by which sepsis during 
hospitalization may be associated with risk of cardiovascular events.  

There are multiple factors during index illness and during convalescence that may 
contribute to this acquired risk. From Jentzer et al.184 CC-BY licence. 

Patient characteristics may further contribute to the long-term risk of 

cardiovascular disease following a critical care admission. Whilst the study in 

this thesis made effort to exclude patients with underlying coronary artery 

disease or prior heart failure, it was not possible to completely exclude this as a 

confounding factor in the study population. It is physiologically plausible that 

groups of patients with prior asymptomatic coronary artery disease for example, 

were subjected during sepsis to periods of hypoperfusion or vasoconstriction 

with vasoactive therapies. In populations at risk of myocardial ischaemia, these 
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pathophysiological states or interventions may further compound the risk of type 

2 myocardial infarction (MI). Patients with type 2 MI have been estimated to 

have a risk of adverse cardiovascular events of around 30% following the 

myocardial injury. Compared to patients with Type 1 MI, they have markedly 

increased risk of mortality, albeit often driven by non-cardiovascular death.333 

It is not clear whether this acquired cardiovascular risk occurs de-novo as a 

consequence of sepsis, or whether it is a consequence of the interaction of prior 

cardiovascular risk and the physiological stress of sepsis and associated 

treatments. Regardless, this population of patients has multiple plausible 

aetiological reasons by which they may sustain myocardial injury and be at risk 

of further heart failure events in the future. This is supported in this thesis by 

abnormal values of cardiac injury (hs-TnT) and of NT-proBNP on discharge from 

ICU and their association with LVSD. 

Additionally, patients with type 2 MI are less frequently prescribed secondary 

prevention to reduce risk of further coronary events.333  There are many reasons 

why these medicines (e.g. renin angiotensin system inhibitors (RASi) or beta 

blockers) would not be prescribed or withheld during admission with sepsis (e.g. 

ongoing hypotension or AKI). Whilst not conclusive, there is some observational 

evidence that initiation of RASi medication is associated with a lower risk of 

adverse cardiovascular events following sepsis admission.171  Whilst not explored 

in this thesis, it is another consideration that demonstrates there are complex 

interrelated factors likely to increase long-term cardiovascular risk. 

As outlined in chapter 6, there are multiple mechanisms by which inflammation 

has been associated with the pathogenesis of heart failure.107 277 In the study 

population, there was evidence of persistent inflammation with abnormal levels 

of TNF-α and procalcitonin at follow-up. TNF-α demonstrated some ability to 

predict LVSD at follow-up, whilst procalcitonin demonstrated a consistent ability 

to predict NT-proBNP. There was also a relationship between LVSD and MR-

proADM, an endogenous hormone with vasodilatory properties used as a 

biomarker of endothelial dysfunction, further supporting the concept of chronic 

endothelial dysfunction following sepsis. The data presented in this thesis 

demonstrates persistently abnormal levels of inflammatory biomarkers following 

sepsis, and is consistent with other studies in the field.110 334 Nonetheless, 
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further work is required to delineate the relationship between inflammation and 

cardiovascular dysfunction following admission with sepsis. 

Putting together all of the above, the data in this thesis support the model 

initially postulated following the scoping review, where acquired risk of chronic 

cardiovascular disease results from a complex interplay between an individuals’ 

prior cardiovascular risk, the acute consequences of sepsis and required 

treatments, and the long-term effects of cardiovascular injury and chronic 

inflammation following discharge (Figure 8-2). The resulting interplay between 

these factors suggest an admission with sepsis may contribute to the significant 

acceleration of cardiovascular disease in someone without prior risk, or perhaps 

the acute inflammation or physiological stress might precipitate a cardiovascular 

event in someone already at high risk. This might manifest as abnormal 

biomarkers of cardiac injury on follow-up, LVSD on imaging, or indeed an 

established new diagnosis of heart failure. There are participants that represent 

this full spectrum across the study population. 

8.3.3 Post-intensive care syndrome 

The findings have implications for the study of PICS. The term “post-intensive 

care syndrome” was devised following a two-day conference organised by 

Needham et al in 2012 to increase awareness of the long-term impacts of critical 

illness.36 Over the past decade or so, research into the consequences of critical 

illness and PICS has rapidly expanded and in 2019 a further conference was 

convened by Mikkelsen et al to help clarify recommendations on which groups 

were at most risk of PICS and associated impairments.335 Whilst there were clear 

recommendations regarding at-risk groups (e.g. frailty, duration of delirium, 

sepsis, acute-respiratory distress syndrome) there is a lack of clarity regarding 

what might mediate some of these impairments.  
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Figure 8-2 A proposed model of acquired cardiovascular risk of sepsis 

There is a complex interplay between patient risk factors, illness characteristics and treatment factors, and factors during recovery that might determine a 
patient’s overall risk of cardiovascular disease following admission with sepsis. The proposed prior risk is conceptual in nature, but may be related to 
factors such as age, index of social deprivation or presence of cardiovascular risk factors e.g. hypertension. Factors during acute illness may represent 
exposure to vasoactive drugs or periods of hypotension causing myocardial injury. Factors during recovery may relate to cessation of medicines that would 
reduce overall risk of cardiovascular events, or persistent inflammation contributing to pathogenesis of chronic disease. 
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This in part stems from the broad heterogeneity of ICU survivors as a cohort. 

Over two thirds of intensive care survivors will experience impairments in 

physical function, cognitive function and only around half will return to 

employment within a year of admission.2 4 However, there are often distinct 

groups of patients within this broad cohort. One way of describing these is to 

differentiate between patients without comorbidity, those with multimorbidity 

and those with multimorbidity and frailty.336 The foremost group - sometimes 

termed the ‘big hit’ group - may sustain significant physiological insult, but 

likely go on to recover, whereas others with prior multimorbidity develop a so-

called ‘slow-burn’ in declining recovery trajectory following admission. Others 

with frailty and multimorbidity may experience ‘relapsing recurrences’ .336 This 

conceptual framework demonstrates how frailty and dependence prior to 

admission interacts with other patient characteristics and the idiosyncratic 

consequences of individual illness, leading to variable trajectories in recovery 

(Figure 8-3).6 41 

It is unsurprising then, that despite the clear identification of PICS as a 

significant public health issue, there is a lack of clarity regarding how best to 

design services to address the needs of ICU survivors. Many RCTs of interventions 

that attempt to address this have failed to show meaningful differences in 

patient outcomes, although there is evidence that some structured complex 

multi-disciplinary interventions can improve HRQoL.209 337-344 Aiming to further 

address the needs of ICU survivors, the ‘GRACE’ roundtable was set up in June 

2024, involving multiple relevant stakeholders including healthcare 

professionals, patients and families with the aim of identifying a further 

research agenda for post-ICU recovery research.345 

Broadly, the roundtable recognised that the conceptual model supported by 

Needham’s original Delphi consensus is likely too broad when considering the full 

range of disease pathways that lead to critical illness recovery, and that moving 

forward the literature should move towards a ‘precision-recovery’ approach to 

identify specific cohorts at risk of discrete comorbidities, allowing enrichment of 

studies in the area and hopefully improved outcomes for ICU survivors.345 
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Figure 8-3 Recovery trajectories following critical illness 

There are distinct recovery trajectrories postulated depending on prior burden of 
multimorbidity and frailty. The black hashed line represents functional decline that would 
have occurred had critical illness not have occurred. For indiciduals with no prior 
muitimorbidity, they are often liukely to recover following the ‘big hit’ of critical illness. 
Patients with multimorbidity or associated frailty often have significant functional decline 
following discharge. Note the altered recovery trajectory of those that qcquire new 
nultimorbidity, with a reduced ability to recover to previous functioal state. From Stewart et 
al346 

The work in this thesis supports this approach. Whilst PICS has clearly brought 

the field forward in terms of identifying the needs of survivors, the literature is 

required to evolve. PICS was never intended as a diagnosis, but rather a 
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syndrome or ‘co-occurrence’ of discrete symptoms and impairments.2 36 The 

work in this thesis supports the view that it may also be helpful to view recovery 

through the lens of post-critical illness acquired morbidity. Whilst not all 

symptoms will be attributable to a particular disease, identification of discrete 

co-morbidities can lead to more precise and targeted interventions, reducing the 

risk of adverse events. 

It has already been outlined in this thesis that it is too simplistic to view 

comorbidities such chronic cardiovascular diseases as the sole drivers of post-

intensive care multimorbidity, even at an individual patient level. However, this 

thesis supports the hypothesis that there are discrete populations of patients 

who develop specific comorbidities and impairments that may be amenable to 

treatments that reduce risk of hospital readmission or even improve recovery 

trajectory and HRQoL. 

8.4 Strengths and limitations 

The work in this thesis has several strengths. To the authors’ knowledge, it is the 

first study to follow up ICU survivors of sepsis utilising a combination of gold-

standard cardiovascular imaging, biomarkers and patient reported outcome 

measures.  

There have been other studies that have utilised CMR imaging, but have done so 

by inviting participants who were retrospectively identified, potentially 

encouraging healthy-user bias.347 Another study prospectively recruited patients, 

but only utilised imaging in the follow-up period undertaken as part of usual 

care, potentially leading to selection bias where participants who received 

cardiac imaging were more likely to have abnormal findings by virtue of meeting 

clinical criteria to require cardiac imaging.189 Nonetheless, this study found a 

similar prevalence of LVSD in the cohort imaged.  

The study outlined in this thesis prospectively offered all eligible survivors 

cardiac imaging provided they did not have prior heart failure, known coronary 

artery disease or endogenous or exogenous immune dysfunction. As such, the 

study aims to mitigate and minimise any selection or healthy-user bias as much 

as possible. In doing so, the study has also allowed the generation of key 
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feasibility data regarding recruitment and retention in a Scottish cohort of ICU 

survivors which could be used in planning of further work. 

A further key strengths include our approach to imaging; CMR imaging was 

reported by an accredited cardiovascular radiologist who was not part of the 

participants clinical team, the study utilises gold-standard imaging and 

generates reliable indices of cardiac function in the population described. Where 

parametric mapping was employed, reliability analyses were undertaken to 

further ensure validity of the reported results. The study has also cross-

referenced values against local and national published reference ranges, 

ensuring the data are interpreted on comparable terms with other populations. 

One of the key strengths of the data is the ability to explore association between 

objective imaging, biomarker analyses and patient reported outcome measures. 

This has allowed the study to generate a multidimensional characterisation of 

cardiac function which can be used to explore the relationship of cardiovascular 

pathology to participant demographics and illness characteristics, as well as 

underlying mechanisms and the implications for the study of post-critical illness 

multimorbidity and other functional impairments.  

Many of the variables utilised in univariate modelling had nonparametric 

distributions and were prone to effects of outliers. Where presented, efforts 

have been made to ensure that any relationships of statistical significance were 

been assessed with goodness of fit testing against simulated models, both 

globally and across residual quantiles to ensure overreaching conclusions have 

not been drawn. 

The thesis also has significant limitations. The sample size provides limited 

statistical power to explore key mechanistic outcomes or build multivariable 

models. As such, the thesis predominately focuses on univariate analyses, has 

limited ability to deal with confounding, and should be considered exploratory in 

nature. This exploratory nature was intrinsic to the study’s design, with 

feasibility of the protocol a key component. This study will serve as a skeleton 

on which to build other research questions in this population utilising similar 

methodology, and provide further confidence in the degree to which participants 

can be recruited and retained. 
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This study is also vulnerable to selection bias. Ethical and logistical 

considerations led us to exclude patients with on-going delirium at the point of 

ICU discharge from taking part in the study. Delirium is prevalent in intensive 

care and is often associated with poorer outcomes.57 Excluding this subgroup of 

patients may mean that the study cohort is representative of a population with 

less multimorbidity or less prone to acquire impairments following critical 

illness. Similarly, despite attempts to exclude underlying cardiac pathology such 

as coronary artery disease or heart failure, it is possible that the population 

included recruits with prior undiagnosed cardiovascular disease. Nonetheless, 

this is perhaps reflective of standard clinical practice and it remains important 

to understand the extent to which all ICU survivors are at risk of cardiovascular 

disease - even if the propensity to develop cardiovascular morbidity following 

critical illness is greater than known prior to admission. 

Lastly, whilst this is a multi-centre study, both recruiting sites are in the West of 

Scotland and serve populations that are predominately from regions with a lower 

index of social deprivation. Social deprivation has been established as being 

associated with a higher degree of adverse cardiovascular outcomes and this 

may play some role in the high prevalence of LVSD observed.348 

8.5 Future directions for research 

This thesis demonstrates that in ICU survivors of sepsis who have no known prior 

heart failure or ischaemic heart disease, there was a high prevalence of LVSD. 

Future work is required to delineate and quantify this risk and further stratify 

what groups may be at most risk. 

Whilst the scoping review identified multiple observational studies exploring the 

relationship between sepsis and incident cardiovascular outcomes, none of these 

studies involved UK cohorts and few focused on European cohorts. Despite an 

understandable focus on incident outcomes, there are few available data to 

explore other causative mechanisms that may further help us understand the 

pathogenesis of chronic cardiovascular disease following critical illness. 

Further observational work is required to understand the risk of chronic 

cardiovascular disease following critical illness in Scottish or UK populations, the 
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risk of developing key cardiovascular risk factors following admission (e.g. 

hypertension and diabetes) and the impact of cessation or initiation of 

cardiovascular therapies which may impact the long-term incidence of 

cardiovascular outcomes in this population. In combination with the feasibility 

data in this study, this will contribute to a more nuanced understanding of the 

risks and pathogenesis of cardiovascular comorbidity to support the development 

of future prospective work. 

The thesis presents other opportunities for prospective study. With greater 

resource we would have been able to further characterise the burden of 

cardiovascular disease using other imaging modalities such as CT-Coronary 

Angiography (CTCA), or by following up participants at multiple time points e.g. 

1 year post discharge. Further modalities of observation would have helped 

delineate burden of coronary disease and the association with CMR findings. 

Further time-points in the study would help identify if recorded LVEF represents 

a nadir from which patients improve and get better, or whether LVSD persists or 

even declines following admission. 

Whilst patient reported outcome measures allow exploration of key patient-

important outcomes, it would have been helpful to explore other objective 

measures of functional capacity, e.g. cardio-pulmonary exercise testing or 6 

minute-walk tests. When the study was conceived, there was uncertainty 

regarding the intensity of investigation for which participants would be willing to 

undergo following what were often traumatic intensive care admissions. Future 

work could incorporate these objective measures to add further dimensions to 

functional and quality of life assessments. 

Finally, the sample size allows for limited exploration of associations between 

patient demographics, illness characteristics and key outcome measures in the 

study. A larger cohort, with additional imaging modalities (e.g. CTCA) would 

allow for more detailed exploration of the risk factors and mechanisms involved 

in development of chronic cardiovascular disease following critical illness. The 

outcomes used in this study could be used to plan and power further study 

examining mechanisms of post ICU LVSD. Such work could even be integrated 

into clinical trials to explore the strategies for secondary prevention of adverse 



238 
 
cardiovascular events following sepsis or other critical illness, for example 

reductions in LVEF or NT-proBNP. 

8.6 Conclusion 

This thesis demonstrates that in a cohort of ICU survivors of sepsis, without 

immune dysfunction or a prior diagnosis of heart failure or ischaemic heart 

disease, participants had a high prevalence of LVSD 6-10 weeks following 

hospital discharge. The presence of LVSD was associated with acute LVSD during 

ICU admission and biomarkers of cardiovascular dysfunction and inflammation at 

6-10 weeks following hospital discharge. LVEF and NT-proBNP were associated 

with illness severity, key illness characteristics and evidence of cardiac injury 

and dysfunction at the point of ICU discharge.  This supports existing literature 

demonstrating sepsis is associated with an increased risk of cardiovascular 

events and demonstrates evidence of plausible pathological mechanisms by 

which these might occur.  

Participants had a degree of impairment and health-related quality of life 

consistent with other post-ICU literature and further reductions in these 

measures were observed in participants with LVSD. Further work is required to 

further quantify and delineate the apparent risk of cardiovascular disease 

following sepsis and how this is associated with exercise capacity and HRQoL. 

The study in this thesis may serve as the basis by which this could be further 

investigated. 
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Appendix 1 
Scoping review: data extraction instrument 

Scoping Review Data Extraction Instrument 

Scoping Review Title: Cardiac Dysfunction in Survivors of Sepsis 

Review Objective: Map evidence regarding cardiac dysfunction 

following sepsis and examine how it might be 

implicated in functional impairment following 

intensive care 

Review Questions(s): What is the extent of the evidence examining 

cardiovascular function following an episode of 

sepsis? 

What research methodologies have been 

employed to explore the long-term 

cardiovascular effects of hospital admission with 

sepsis? 

To what extend does this literature explore the 

role cardiovascular function might play in 

functional impairment following admission with 

sepsis?  

Does this literature explore any mechanisms by 

which cardiovascular function might cause long 

term functional impairment (e.g. 

ischaemia/failure? 
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Inclusion/Exclusion Criteria 

Population Adults 

Concept Cardiac Dysfunction during follow-up 

Context Admission with sepsis 

Evidence Source Details and Characteristics 

Citation Details  

Country  

Context  

Details/Results Extracted from Source of Evidence  

Patient Reported Outcome 

Measures (e.g. 

performance status, 

functional questionnaire, 

NYHA) 

 

ECG findings reported  

Cardiac Imaging Reported? 

(e.g. Echocardiographic 

Findings / CMR) 

 

Cardiac Biomarkers (e.g. 

NT-proBNP, Troponin) 

 

Incident CV outcomes 

reported (e.g. MI/Heart 

Failure Admission) 
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Appendix 2 
  Ethical approval 
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Appendix 3  
Consent forms 



Appendix 4 
Patient information sheet 
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Appendix 5 
GP letter 



Appendix 6 
Anatomy of a violin plot 

 

Appendix 6 - Anatomy of a violin plot.  

The above plot depicts a standard violin plot utilised in the thesis to visualise biomarker 
values and their distribution. The light coloured dots indicate individual data points. The 
median is indicated by red dot in the middle of the plot. A boxplot frames the data, with a 
box indicating the median and interquartile range, and the ‘whiskers’ (straight vertical line) 
indicating the maximum and minimum values in the data. The distribution of the data is 
depicted by a superimposed density plot, where greater horizontal width of two curves 
indicates the density of datapoints around this particular value. In this thesis, often two 
violin plots are shown to visualise how the data changes over time (Point of ICU discharge 
to 6-10 weeks post discharge) or between different sub-groups (LVSD vs no LVSD).  

Median 

Individual data 
point 

Boxplot 

Density plot 



Appendix 7 
CMR protocol 
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Appendix 8 
Lab protocol 
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Appendix 9 
EuroQol 5D-5L 
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Appendix 10 
Hospital anxiety and depression scale (HADS) 
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Appendix 11 
Short form 36 vitality domain 

  
Do you feel full of pep? 

o All of the time 

o Most of the time 

o A good bit of the time 

o Some of the time 

o A little bit of the time 

o None of the time 

 

Do you have a lot of energy? 
o All of the time 

o Most of the time 

o A good bit of the time 

o Some of the time 

o A little bit of the time 

o None of the time 
 

Did you feel worn out? 
o All of the time 
o Most of the time 
o A good bit of the time 
o Some of the time 
o A little bit of the time 
o None of the time 

 
Did you feel tired? 

o All of the time 
o Most of the time 
o A good bit of the time 
o Some of the time 
o A little bit of the time 
o None of the time 
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Appendix 12 
MRC breathlessness scale 

  



278 
 

References 

1. Raphael Kazidule K, Carl Otto S, Martin Gerdin W, et al. Towards definitions 
of critical illness and critical care using concept analysis. BMJ Open 
2022;12(9):e060972. 

2. Marra A, Pandharipande PP, Girard TD, et al. Co-Occurrence of Post-Intensive 
Care Syndrome Problems Among 406 Survivors of Critical Illness. Crit Care 
Med 2018;46(9):1393-401. 

3. Mcpeake J, Mikkelsen ME. The Evolution of Post Intensive Care Syndrome. 
Critical Care Medicine 2018;46(9):1551-52. 

4. McPeake J, Mikkelsen ME, Quasim T, et al. Return to Employment after 
Critical Illness and Its Association with Psychosocial Outcomes. A 
Systematic Review and Meta-Analysis. Ann Am Thorac Soc 
2019;16(10):1304-11. 

5. Iwashyna TJ, Ely EW, Smith DM, et al. Long-term cognitive impairment and 
functional disability among survivors of severe sepsis. JAMA 
2010;304(16):1787-94. 

6. Ferrante LE, Pisani MA, Murphy TE, et al. Functional Trajectories Among Older 
Persons Before and After Critical Illness. JAMA Internal Medicine 
2015;175(4):523-29. 

7. McPeake J, Quasim T, Henderson P, et al. Multimorbidity and Its Relationship 
With Long-Term Outcomes After Critical Care Discharge: A Prospective 
Cohort Study. Chest 2021;160(5):1681-92. 

8. Yende S, Linde-Zwirble W, Mayr F, et al. Risk of Cardiovascular Events in 
Survivors of Severe Sepsis. American Journal of Respiratory and Critical 
Care Medicine 2014;189(9):1065-74. 

9. Angriman F, Rosella LC, Lawler PR, et al. Sepsis hospitalization and risk of 
subsequent cardiovascular events in adults: a population-based matched 
cohort study. Intensive Care Medicine 2022;48(4):448-57. 

10. Lassen HC. The epidemic of poliomyelitis in Copenhagen, 1952. Proc R Soc 
Med 1954;47(1):67-71. 

11. Carson SS, Stocking C, Podsadecki T, et al. Effects of Organizational Change 
in the Medical Intensive Care Unit of a Teaching Hospital: A Comparison of 
'Open' and 'Closed' Formats. JAMA 1996;276(4):322-28. 

12. Adhikari NK, Fowler RA, Bhagwanjee S, et al. Critical care and the global 
burden of critical illness in adults. Lancet 2010;376(9749):1339-46. 

13. OECD. Hospital beds and occupancy: OECD; 2021. Available From: 
https://www.oecd.org/en/data/indicators/hospital-beds.html accessed 
27/03/2023 2023. 

14. Deptartment of Health. Comprehensive Critical Care: a review of adult 
critical care services. In: Health, ed. The National Archives: Department 
of Health, 2000:32. 

15. Faculty of Intensive Care Medicine. Guidelines for the provision of intensive 
care services: FICM, ICS, 2022. 

16. Public Health Scotland, Scottish Intensive Care Society Audit Group (SICSAG). 
Audit of critical care in NHSScotland - Reporting on 2022. 2023. Available 
From: https://publichealthscotland.scot/publications/audit-of-critical-
care-in-nhsscotland/audit-of-critical-care-in-scotland-2023-reporting-on-
2022/. 

17. Kelly FE, Fong K, Hirsch N, et al. Intensive care medicine is 60 years old: the 
history and future of the intensive care unit. Clinical Medicine 
2014;14(4):376-79. 

https://www.oecd.org/en/data/indicators/hospital-beds.html
https://publichealthscotland.scot/publications/audit-of-critical-care-in-nhsscotland/audit-of-critical-care-in-scotland-2023-reporting-on-2022/
https://publichealthscotland.scot/publications/audit-of-critical-care-in-nhsscotland/audit-of-critical-care-in-scotland-2023-reporting-on-2022/
https://publichealthscotland.scot/publications/audit-of-critical-care-in-nhsscotland/audit-of-critical-care-in-scotland-2023-reporting-on-2022/


279 
 
18. Maslove DM, Tang B, Shankar-Hari M, et al. Redefining critical illness. Nature 

Medicine 2022;28(6):1141-48. 
19. Knaus WA, Draper EA, Wagner DP, et al. APACHE II: a severity of disease 

classification system. Crit Care Med 1985;13(10):818-29. 
20. Van Biesen W, Vanholder R, Lameire N. Defining Acute Renal Failure: RIFLE 

and Beyond. Clinical Journal of the American Society of Nephrology 
2006;1(6):1314-19. 

21. Bone RC, Balk RA, Cerra FB, et al. Definitions for sepsis and organ failure and 
guidelines for the use of innovative therapies in sepsis. The ACCP/SCCM 
Consensus Conference Committee. American College of Chest 
Physicians/Society of Critical Care Medicine. Chest 1992;101(6):1644-55. 

22. The ARDS Definition Task Force. Acute Respiratory Distress Syndrome: The 
Berlin Definition. JAMA 2012;307(23):2526-33. 

23. Bernard GR, Artigas A, Brigham KL, et al. The American-European Consensus 
Conference on ARDS. Definitions, mechanisms, relevant outcomes, and 
clinical trial coordination. Am J Respir Crit Care Med 1994;149(3 Pt 
1):818-24. 

24. Dellinger RP, Carlet JM, Masur H, et al. Surviving Sepsis Campaign guidelines 
for management of severe sepsis and septic shock. Crit Care Med 
2004;32(3):858-73. 

25. Acute Respiratory Distress Syndrome N, Brower RG, Matthay MA, et al. 
Ventilation with lower tidal volumes as compared with traditional tidal 
volumes for acute lung injury and the acute respiratory distress syndrome. 
N Engl J Med 2000;342(18):1301-8. 

26. Gottardi Zamperla M, Barbi V, Negri S, et al. Omics medicine: what the 
clinicians should know. Eur J Intern Med 2026:106759. 

27. Russell CD, Baillie JK. Treatable traits and therapeutic targets: Goals for 
systems biology in infectious disease. Curr Opin Syst Biol 2017;2:140-46. 

28. Bauer M, Gerlach H, Vogelmann T, et al. Mortality in sepsis and septic shock 
in Europe, North America and Australia between 2009 and 2019— results 
from a systematic review and meta-analysis. Critical Care 2020;24(1) 

29. Intensive Care National Audit and Research Centre (ICNARC). ICNARC 
Summary Statistics 2022. Available From: https://www.icnarc.org/Our-
Audit/Audits/Cmp/Reports/Summary-Statistics. 

30. Herridge MS, Tansey CM, Matté A, et al. Functional Disability 5 Years after 
Acute Respiratory Distress Syndrome. New England Journal of Medicine 
2011;364(14):1293-304. 

31. Herridge MS, Matte-Martyn A, Diaz-Granados N, et al. One-Year Outcomes in 
Survivors of the Acute Respiratory Distress Syndrome. The New England 
Journal of Medicine 2003:11. 

32. Puthucheary ZA, Gensichen JS, Cakiroglu AS, et al. Implications for post 
critical illness trial design: sub-phenotyping trajectories of functional 
recovery among sepsis survivors. Critical Care 2020;24(1) 

33. Shaw M, Viglianti EM, McPeake J, et al. Timing of Onset, Burden, and 
Postdischarge Mortality of Persistent Critical Illness in Scotland, 2005–
2014: A Retrospective, Population-Based, Observational Study. Critical 
Care Explorations 2020;2(4):e0102. 

34. Harrison DA, Creagh-Brown BC, Rowan KM. Timing and burden of persistent 
critical illnessin UK intensive care units: An observational cohort study. 
https://doiorg/101177/17511437211047180 2021 

https://www.icnarc.org/Our-Audit/Audits/Cmp/Reports/Summary-Statistics
https://www.icnarc.org/Our-Audit/Audits/Cmp/Reports/Summary-Statistics
https://doiorg/101177/17511437211047180


280 
 
35. Lone NI, Gillies MA, Haddow C, et al. Five-Year Mortality and Hospital Costs 

Associated with Surviving Intensive Care. Am J Respir Crit Care Med 
2016;194(2):198-208. 

36. Needham DM, Davidson J, Cohen H, et al. Improving long-term outcomes 
after discharge from intensive care unit: report from a stakeholders' 
conference. Crit Care Med 2012;40(2):502-9. 

37. Ferrante LE, Pisani MA, Murphy TE, et al. Functional trajectories among 
older persons before and after critical illness. JAMA Intern Med 
2015;175(4):523-9. 

38. Borges RC, Carvalho CRF, Colombo AS, et al. Physical activity, muscle 
strength, and exercise capacity 3 months after severe sepsis and septic 
shock. Intensive Care Medicine 2015;41(8):1433-44. 

39. Rousseau A-F, Prescott HC, Brett SJ, et al. Long-term outcomes after critical 
illness: recent insights. Critical Care 2021;25(1) 

40. Ohtake PJ, Lee AC, Scott JC, et al. Physical Impairments Associated With 
Post–Intensive Care Syndrome: Systematic Review Based on the World 
Health Organization's International Classification of Functioning, Disability 
and Health Framework. Physical Therapy 2018;98(8):631-45. 

41. Prescott HC, Angus DC. Enhancing Recovery From Sepsis: A Review. JAMA 
2018;319(1):62-75. 

42. Nanwani-Nanwani K, López-Pérez L, Giménez-Esparza C, et al. Prevalence of 
post-intensive care syndrome in mechanically ventilated patients with 
COVID-19. Sci Rep 2022;12(1):7977. 

43. Heyland DK, Groll D, Caeser M. Survivors of acute respiratory distress 
syndrome: relationship between pulmonary dysfunction and long-term 
health-related quality of life. Crit Care Med 2005;33(7):1549-56. 

44. Masclans JR, Roca O, Muñoz X, et al. Quality of life, pulmonary function, and 
tomographic scan abnormalities after ARDS. Chest 2011;139(6):1340-46. 

45. Fan E, Dowdy DW, Colantuoni E, et al. Physical Complications in Acute Lung 
Injury Survivors. Critical Care Medicine 2014;42(4):849-59. 

46. Borges RC, Carvalho CR, Colombo AS, et al. Physical activity, muscle 
strength, and exercise capacity 3 months after severe sepsis and septic 
shock. Intensive Care Med 2015;41(8):1433-44. 

47. Orme J, Jr., Romney JS, Hopkins RO, et al. Pulmonary function and health-
related quality of life in survivors of acute respiratory distress syndrome. 
Am J Respir Crit Care Med 2003;167(5):690-4. 

48. Cooper AB, Ferguson ND, Hanly PJ, et al. Long-term follow-up of survivors of 
acute lung injury: lack of effect of a ventilation strategy to prevent 
barotrauma. Crit Care Med 1999;27(12):2616-21. 

49. Matthay MA, Thompson BT, Ware LB. The Berlin definition of acute 
respiratory distress syndrome: should patients receiving high-flow nasal 
oxygen be included? Lancet Respir Med 2021;9(8):933-36. 

50. Fazzini B, Märkl T, Costas C, et al. The rate and assessment of muscle 
wasting during critical illness: a systematic review and meta-analysis. 
Critical Care 2023;27(1) 

51. Vanhorebeek I, Latronico N, Van den Berghe G. ICU-acquired weakness. 
Intensive Care Med 2020;46(4):637-53. 

52. Poulsen JB, Rose MH, Jensen BR, et al. Biomechanical and Nonfunctional 
Assessment of Physical Capacity in Male ICU Survivors*. Critical Care 
Medicine 2013;41(1):93-101. 



281 
 
53. Solverson KJ, Grant C, Doig CJ. Assessment and predictors of physical 

functioning post-hospital discharge in survivors of critical illness. Ann 
Intensive Care 2016;6(1):92. 

54. Wright SE, Lochan R, Imrie K, et al. Quality of life and functional outcome at 
3, 6 and 12 months after acute necrotising pancreatitis. Intensive Care 
Med 2009;35(11):1974-8. 

55. American Thoracic Society. ATS statement: guidelines for the six-minute 
walk test. Am J Respir Crit Care Med 2002;166(1):111-7. 

56. Needham DM, Wozniak AW, Hough CL, et al. Risk factors for physical 
impairment after acute lung injury in a national, multicenter study. Am J 
Respir Crit Care Med 2014;189(10):1214-24. 

57. Pandharipande PP, Girard TD, Jackson JC, et al. Long-Term Cognitive 
Impairment after Critical Illness. 2013 

58. Lilja G, Nielsen N, Friberg H, et al. Cognitive function in survivors of out-of-
hospital cardiac arrest after target temperature management at 33°C 
versus 36°C. Circulation 2015;131(15):1340-9. 

59. Cronberg T, Lilja G, Horn J, et al. Neurologic Function and Health-Related 
Quality of Life in Patients Following Targeted Temperature Management 
at 33°C vs 36°C After Out-of-Hospital Cardiac Arrest: A Randomized 
Clinical Trial. JAMA Neurol 2015;72(6):634-41. 

60. Collet MO, Egerod I, Thomsen T, et al. Risk factors for long-term cognitive 
impairment in ICU survivors: A multicenter, prospective cohort study. 
Acta Anaesthesiol Scand 2021;65(1):92-99. 

61. Andersen-Ranberg NC, Poulsen LM, Perner A, et al. Haloperidol for the 
Treatment of Delirium in ICU Patients. New England Journal of Medicine 
2022;387(26):2425-35. 

62. van Gool WA, van de Beek D, Eikelenboom P. Systemic infection and 
delirium: when cytokines and acetylcholine collide. The Lancet 
2010;375(9716):773-75. 

63. Zivin K, Yosef M, Miller EM, et al. Associations between depression and all-
cause and cause-specific risk of death: A retrospective cohort study in the 
Veterans Health Administration. Journal of Psychosomatic Research 
2015;78(4):324-31. 

64. Shankar-Hari M, Harrison DA, Rubenfeld GD, et al. Epidemiology of sepsis and 
septic shock in critical care units: comparison between sepsis-2 and 
sepsis-3 populations using a national critical care database. Br J Anaesth 
2017;119(4):626-36. 

65. Singer M, Deutschman CS, Seymour CW, et al. The Third International 
Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 
2016;315(8):801-10. 

66. Levy MM, Fink MP, Marshall JC, et al. 2001 SCCM/ESICM/ACCP/ATS/SIS 
International Sepsis Definitions Conference. Crit Care Med 
2003;31(4):1250-6. 

67. Vincent JL, Moreno R, Takala J, et al. The SOFA (Sepsis-related Organ Failure 
Assessment) score to describe organ dysfunction/failure. On behalf of the 
Working Group on Sepsis-Related Problems of the European Society of 
Intensive Care Medicine. Intensive Care Med 1996;22(7):707-10. 

68. Seymour CW, Liu VX, Iwashyna TJ, et al. Assessment of Clinical Criteria for 
Sepsis: For the Third International Consensus Definitions for Sepsis and 
Septic Shock (Sepsis-3). JAMA 2016;315(8):762-74. 

69. Shankar-Hari M, Phillips GS, Levy ML, et al. Developing a New Definition and 
Assessing New Clinical Criteria for Septic Shock. JAMA 2016;315(8):775. 



282 
 
70. Agrawal A, Virk HUH, Riaz I, et al. Predictors of 30-day re-admissions in 

patients with infective endocarditis: a national population based cohort 
study. Rev Cardiovasc Med 2020;21(1):123-27. 

71. Meyer NJ, Prescott HC. Sepsis and Septic Shock. New England Journal of 
Medicine 2024;391(22):2133-46. 

72. Jarczak D, Kluge S, Nierhaus A. Sepsis—Pathophysiology and Therapeutic 
Concepts. Frontiers in Medicine 2021;Volume 8 - 2021 

73. Shankar-Hari M, Calandra T, Soares MP, et al. Reframing sepsis 
immunobiology for translation: towards informative subtyping and 
targeted immunomodulatory therapies. Lancet Respir Med 
2024;12(4):323-36. 

74. Iba T, Levy JH. Sepsis-induced Coagulopathy and Disseminated Intravascular 
Coagulation. Anesthesiology 2020;132(5):1238-45. 

75. Drewry AM, Samra N, Skrupky LP, et al. Persistent lymphopenia after 
diagnosis of sepsis predicts mortality. Shock 2014;42(5):383-91. 

76. Döcke WD, Randow F, Syrbe U, et al. Monocyte deactivation in septic 
patients: restoration by IFN-gamma treatment. Nat Med 1997;3(6):678-81. 

77. Shankar-Hari M, Datta D, Wilson J, et al. Early PREdiction of sepsis using 
leukocyte surface biomarkers: the ExPRES-sepsis cohort study. Intensive 
Care Medicine 2018;44(11):1836-48. 

78. Calfee CS, Delucchi K, Parsons PE, et al. Subphenotypes in acute respiratory 
distress syndrome: latent class analysis of data from two randomised 
controlled trials. Lancet Respir Med 2014;2(8):611-20. 

79. Sinha P, Kerchberger VE, Willmore A, et al. Identifying molecular phenotypes 
in sepsis: an analysis of two prospective observational cohorts and 
secondary analysis of two randomised controlled trials. The Lancet 
Respiratory Medicine 2023;11(11):965-74. 

80. Benjamim CF, Hogaboam CM, Kunkel SL. The chronic consequences of severe 
sepsis. Journal of Leukocyte Biology 2004;75(3):408-12. 

81. Delano MJ, Ward PA. The immune system's role in sepsis progression, 
resolution, and long-term outcome. Immunological Reviews 
2016;274(1):330-53. 

82. Mira JC, Gentile LF, Mathias BJ, et al. Sepsis Pathophysiology, Chronic 
Critical Illness, and Persistent Inflammation-Immunosuppression and 
Catabolism Syndrome. Critical care medicine 2017;45(2):253-62. 

83. Griffith DM, Vale ME, Campbell C, et al. Persistent inflammation and 
recovery after intensive care: A systematic review. J Crit Care 
2016;33:192-9. 

84. Bateman AP, McArdle F, Walsh TS. Time course of anemia during six months 
follow up following intensive care discharge and factors associated with 
impaired recovery of erythropoiesis*. Critical Care Medicine 
2009;37(6):1906-12. 

85. Witteveen E, Wieske L, Van der Poll T, et al. Increased Early Systemic 
Inflammation in ICU-Acquired Weakness; A Prospective Observational 
Cohort Study. Critical Care Medicine 2017;45(6):972-79. 

86. Griffith DM, Lewis S, Rossi AG, et al. Systemic inflammation after critical 
illness: relationship with physical recovery and exploration of potential 
mechanisms. Thorax 2016;71(9):820-29. 

87. Maciel M, Benedet SR, Lunardelli EB, et al. Predicting Long-term Cognitive 
Dysfunction in Survivors of Critical Illness with Plasma Inflammatory 
Markers: a Retrospective Cohort Study. Mol Neurobiol 2019;56(1):763-67. 



283 
 
88. Brummel NE, Hughes CG, Thompson JL, et al. Inflammation and Coagulation 

during Critical Illness and Long-Term Cognitive Impairment and Disability. 
American Journal of Respiratory and Critical Care Medicine 
2021;203(6):699-706. 

89. Pedersen LM, Schistad E, Jacobsen LM, et al. Serum levels of the pro-
inflammatory interleukins 6 (IL-6) and -8 (IL-8) in patients with lumbar 
radicular pain due to disc herniation: A 12-month prospective study. 
Brain, Behavior, and Immunity 2015;46:132-36. 

90. Teodorczyk-Injeyan JA, Triano JJ, Injeyan HS. Nonspecific Low Back Pain: 
Inflammatory Profiles of Patients With Acute and Chronic Pain. Clin J Pain 
2019;35(10):818-25. 

91. Uçeyler N, Eberle T, Rolke R, et al. Differential expression patterns of 
cytokines in complex regional pain syndrome. Pain 2007;132(1-2):195-205. 

92. Shankar-Hari M, Rubenfeld GD. Understanding Long-Term Outcomes 
Following Sepsis: Implications and Challenges. Current Infectious Disease 
Reports 2016;18(11) 

93. Prescott HC, Osterholzer JJ, Langa KM, et al. Late mortality after sepsis: 
propensity matched cohort study. BMJ 2016;353:i2375. 

94. M S-H, R S, J W, et al. Rate and risk factors for rehospitalisation in sepsis 
survivors: systematic review and meta-analysis. Intensive care medicine 
2020;46(4) 

95. Lone NI, Lee R, Salisbury L, et al. Predicting risk of unplanned hospital 
readmission in survivors of critical illness: a population-level cohort study. 
Thorax 2019;74(11):1046-54. 

96. Prescott H, Angus D. Enhancing Recovery From Sepsis. JAMA 2018;319(1):62-
75. 

97. McPeake J, Oakes M, Graham C, et al. Top ten research priorities for sepsis 
research: UK James Lind Alliance priority setting partnership. The Lancet 
Respiratory Medicine 2024;12(11):e68-e69. 

98. Gentile LF, Cuenca AG, Efron PA, et al. Persistent inflammation and 
immunosuppression: a common syndrome and new horizon for surgical 
intensive care. J Trauma Acute Care Surg 2012;72(6):1491-501. 

99. Horiguchi H, Loftus TJ, Hawkins RB, et al. Innate Immunity in the Persistent 
Inflammation, Immunosuppression, and Catabolism Syndrome and Its 
Implications for Therapy. Frontiers in Immunology 2018;Volume 9 - 2018 

100. Beesley SJ, Weber G, Sarge T, et al. Septic Cardiomyopathy. Critical Care 
Medicine 2018;46(4):625-34. 

101. Huang SJ, Nalos M, McLean AS. Is early ventricular dysfunction or dilatation 
associated with lower mortality rate in adult severe sepsis and septic 
shock? A meta-analysis. Crit Care 2013;17(3):R96. 

102. Sevilla Berrios RA, O'Horo JC, Velagapudi V, et al. Correlation of left 
ventricular systolic dysfunction determined by low ejection fraction and 
30-day mortality in patients with severe sepsis and septic shock: a 
systematic review and meta-analysis. J Crit Care 2014;29(4):495-9. 

103. Parker MM, Shelhamer JH, Bacharach SL, et al. Profound but reversible 
myocardial depression in patients with septic shock. Ann Intern Med 
1984;100(4):483-90. 

104. Bouhemad B, Nicolas-Robin A, Arbelot C, et al. Isolated and reversible 
impairment of ventricular relaxation in patients with septic shock. Crit 
Care Med 2008;36(3):766-74. 

105. Kosyakovsky LB, Angriman F, Katz E, et al. Association between sepsis 
survivorship and long-term cardiovascular outcomes in adults: a 



284 
 

systematic review and meta-analysis. Intensive Care Med 2021;47(9):931-
42. 

106. Ackermann K, Lynch I, Aryal N, et al. Hospital readmission after surviving 
sepsis: A systematic review of readmission reasons and meta-analysis of 
readmission rates. J Crit Care 2025;85:154925. 

107. Owen A, Patel JM, Parekh D, et al. Mechanisms of Post-critical Illness 
Cardiovascular Disease. Front Cardiovasc Med 2022;9:854421. 

108. Zhang CY, Liu S, Sui YX, et al. Nucleotide-binding domain, leucine-rich 
repeat, and pyrin domain-containing protein 3 inflammasome: From 
action mechanism to therapeutic target in clinical trials. World J 
Gastrointest Oncol 2025;17(2):100094. 

109. Yende S, D'Angelo G, Kellum JA, et al. Inflammatory Markers at Hospital 
Discharge Predict Subsequent Mortality after Pneumonia and Sepsis. 
American Journal of Respiratory and Critical Care Medicine 
2008;177(11):1242-47. 

110. Yende S, Kellum JA, Talisa VB, et al. Long-term Host Immune Response 
Trajectories among Hospitalized Patients with Sepsis. JAMA Network Open 
2019;2(8):e198686. 

111. Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory Therapy with 
Canakinumab for Atherosclerotic Disease. New England Journal of 
Medicine 2017;377(12):1119-31. 

112. Mann DL, McMurray JJ, Packer M, et al. Targeted anticytokine therapy in 
patients with chronic heart failure: results of the Randomized Etanercept 
Worldwide Evaluation (RENEWAL). Circulation 2004;109(13):1594-602. 

113. Chung ES, Packer M, Lo KH, et al. Randomized, double-blind, placebo-
controlled, pilot trial of infliximab, a chimeric monoclonal antibody to 
tumor necrosis factor-alpha, in patients with moderate-to-severe heart 
failure: Results of the anti-TNF therapy against congestive heart failure 
(ATTACH) trial. Circulation 2003;107(25):3133-40. 

114. Docherty AB, Sim M, Oliveira J, et al. Early troponin I in critical illness and 
its association with hospital mortality: a cohort study. Crit Care 
2017;21(1):216. 

115. Helwani MA, Amin A, Lavigne P, et al. Etiology of Acute Coronary Syndrome 
after Noncardiac Surgery. Anesthesiology 2018;128(6):1084-91. 

116. Zanotti-Cavazzoni SL, Hollenberg SM. Cardiac dysfunction in severe sepsis 
and septic shock. Current Opinion in Critical Care 2009;15(5):392-97. 

117. Cunnion RE, Schaer GL, Parker MM, et al. The coronary circulation in human 
septic shock. Circulation 1986;73(4):637-44. 

118. Puelacher C, Gualandro DM, Glarner N, et al. Long-term outcomes of 
perioperative myocardial infarction/injury after non-cardiac surgery. Eur 
Heart J 2023;44(19):1690-701. 

119. Prud'homme M, Coutrot M, Michel T, et al. Acute Kidney Injury Induces 
Remote Cardiac Damage and Dysfunction Through the Galectin-3 Pathway. 
JACC Basic Transl Sci 2019;4(6):717-32. 

120. Langouche L, Perre SV, Thiessen S, et al. Alterations in adipose tissue 
during critical illness: An adaptive and protective response? Am J Respir 
Crit Care Med 2010;182(4):507-16. 

121. Van Dyck L, Gunst J, Casaer MP, et al. The clinical potential of GDF15 as a 
"ready-to-feed indicator" for critically ill adults. Crit Care 2020;24(1):557. 

122. Usher MG, Duan SZ, Ivaschenko CY, et al. Myeloid mineralocorticoid 
receptor controls macrophage polarization and cardiovascular hypertrophy 



285 
 

and remodeling in mice. Journal of Clinical Investigation 
2010;120(9):3350-64. 

123. Stewart S, Ekman I, Ekman T, et al. Population impact of heart failure and 
the most common forms of cancer: a study of 1 162 309 hospital cases in 
Sweden (1988 to 2004). Circ Cardiovasc Qual Outcomes 2010;3(6):573-80. 

124. Bozkurt B, Coats AJS, Tsutsui H, et al. Universal Definition and 
Classification of Heart Failure: A Report of the Heart Failure Society of 
America, Heart Failure Association of the European Society of Cardiology, 
Japanese Heart Failure Society and Writing Committee of the Universal 
Definition of Heart Failure. Journal of Cardiac Failure 2021;27(4):387-
413. 

125. McDonagh TA, Metra M, Adamo M, et al. 2021 ESC Guidelines for the 
diagnosis and treatment of acute and chronic heart failure: Developed by 
the Task Force for the diagnosis and treatment of acute and chronic heart 
failure of the European Society of Cardiology (ESC) With the special 
contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J 
2021;42(36):3599-726. 

126. Solomon Scott D, McMurray John JV, Claggett B, et al. Dapagliflozin in 
Heart Failure with Mildly Reduced or Preserved Ejection Fraction. New 
England Journal of Medicine 2022;387(12):1089-98. 

127. Anker SD, Butler J, Filippatos G, et al. Empagliflozin in Heart Failure with a 
Preserved Ejection Fraction. N Engl J Med 2021;385(16):1451-61. 

128. Garred CH, Malmborg M, Malik ME, et al. Age-specific mortality trends in 
heart failure over 25 years: a retrospective Danish nationwide cohort 
study. The Lancet Healthy Longevity 2024;5(5):e326-e35. 

129. Edler I, Hertz CH. The use of ultrasonic reflectoscope for the continuous 
recording of the movements of heart walls. 1954. Clin Physiol Funct 
Imaging 2004;24(3):118-36. 

130. Bora V, Pulijal SV. Transesophageal Echocardiography in Critical Care. 
Current Pulmonology Reports 2024;13(2):152-72. 

131. Arntfield R, Lau V, Landry Y, et al. Impact of Critical Care Transesophageal 
Echocardiography in Medical-Surgical ICU Patients: Characteristics and 
Results From 274 Consecutive Examinations. J Intensive Care Med 
2020;35(9):896-902. 

132. Robinson S, Rana B, Oxborough D, et al. A practical guideline for 
performing a comprehensive transthoracic echocardiogram in adults: the 
British Society of Echocardiography minimum dataset. Echo Research & 
Practice 2020;7(4):G59-G93. 

133. Miller A, Peck M, Clark T, et al. FUSIC HD. Comprehensive haemodynamic 
assessment with ultrasound. J Intensive Care Soc 2022;23(3):325-33. 

134. British Society of Echocardiography. Adult Critical Care Echocardiography 
Accreditation (ACCE) London: British Society of Echocardiography; 2025. 
Available From: 
https://www.bsecho.org/Public/Public/Accreditation/Personal-
accred/ACCE-accred.aspx accessed 27/07/2025 2025. 

135. Flower L, Waite A, Boulton A, et al. The use of echocardiography in the 
management of shock in critical care: a prospective, multi-centre, 
observational study. Intensive Care Med 2024;50(10):1668-80. 

136. Vieillard-Baron A, Millington SJ, Sanfilippo F, et al. A decade of progress in 
critical care echocardiography: a narrative review. Intensive Care Med 
2019;45(6):770-88. 

https://www.bsecho.org/Public/Public/Accreditation/Personal-accred/ACCE-accred.aspx
https://www.bsecho.org/Public/Public/Accreditation/Personal-accred/ACCE-accred.aspx


286 
 
137. Harkness A, Ring L, Augustine DX, et al. Normal Reference Intervals for 

Cardiac Dimensions and Function for Use in Echocardiographic Practice: A 
Guideline from the British Society of Echocardiography. Echo Research & 
Practice 2020;7(1):G1-G18. 

138. Petersen SE, Aung N, Sanghvi MM, et al. Reference ranges for cardiac 
structure and function using cardiovascular magnetic resonance (CMR) in 
Caucasians from the UK Biobank population cohort. J Cardiovasc Magn 
Reson 2017;19(1):18. 

139. Caforio ALP, Pankuweit S, Arbustini E, et al. Current state of knowledge on 
aetiology, diagnosis, management, and therapy of myocarditis: a position 
statement of the European Society of Cardiology Working Group on 
Myocardial and Pericardial Diseases. Eur Heart J 2013;34(33):2636-48. 

140. Ferreira VM, Schulz-Menger J, Holmvang G, et al. Cardiovascular Magnetic 
Resonance in Nonischemic Myocardial Inflammation: Expert 
Recommendations. J Am Coll Cardiol 2018;72(24):3158-76. 

141. Haaf P, Garg P, Messroghli DR, et al. Cardiac T1 Mapping and Extracellular 
Volume (ECV) in clinical practice: a comprehensive review. Journal of 
Cardiovascular Magnetic Resonance 2016;18(1):89. 

142. O'Brien AT, Gil KE, Varghese J, et al. T2 mapping in myocardial disease: a 
comprehensive review. Journal of Cardiovascular Magnetic Resonance 
2022;24(1):33. 

143. Ostermann M, Lo J, Toolan M, et al. A prospective study of the impact of 
serial troponin measurements on the diagnosis of myocardial infarction 
and hospital and six-month mortality in patients admitted to ICU with 
non-cardiac diagnoses. Crit Care 2014;18(2):R62. 

144. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition of 
myocardial infarction (2018). Eur Heart J 2019;40(3):237-69. 

145. Wu TT, Yuan A, Chen CY, et al. Cardiac troponin I levels are a risk factor 
for mortality and multiple organ failure in noncardiac critically ill patients 
and have an additive effect to the APACHE II score in outcome prediction. 
Shock 2004;22(2):95-101. 

146. Babuin L, Vasile VC, Rio Perez JA, et al. Elevated cardiac troponin is an 
independent risk factor for short- and long-term mortality in medical 
intensive care unit patients. Crit Care Med 2008;36(3):759-65. 

147. Mehta NJ, Khan IA, Gupta V, et al. Cardiac troponin I predicts myocardial 
dysfunction and adverse outcome in septic shock. Int J Cardiol 
2004;95(1):13-7. 

148. Welsh P, Preiss D, Hayward C, et al. Cardiac Troponin T and Troponin I in 
the General Population. Circulation 2019;139(24):2754-64. 

149. Heidenreich PA, Bozkurt B, Aguilar D, et al. 2022 AHA/ACC/HFSA Guideline 
for the Management of Heart Failure: A Report of the American College of 
Cardiology/American Heart Association Joint Committee on Clinical 
Practice Guidelines. Circulation 2022;145(18):e895-e1032. 

150. Chronic heart failure in adults: diagnosis and management.(2018) NICE 
Guideline NG106. Available from: 
https://www.nice.org.uk/guidance/ng106 

151. Gayat E, Cariou A, Deye N, et al. Determinants of long-term outcome in ICU 
survivors: results from the FROG-ICU study. Critical Care 2018;22(1):8. 

152. McCall P, Arthur A, Kirk A, et al. Perioperative BNP changes and functional 
capacity following lung resection. Journal of Cardiothoracic and Vascular 
Anesthesia 2016;30:S26-S27. 

https://www.nice.org.uk/guidance/ng106


287 
 
153. Jacobs I, Bast RC, Jr. The CA 125 tumour-associated antigen: a review of 

the literature. Human Reproduction 1989;4(1):1-12. 
154. Kouris NT, Zacharos ID, Kontogianni DD, et al. The significance of CA125 

levels in patients with chronic congestive heart failure. Correlation with 
clinical and echocardiographic parameters. European Journal of Heart 
Failure 2005;7(2):199-203. 

155. Núñez J, Bayés-Genís A, Revuelta-López E, et al. Clinical Role of CA125 in 
Worsening Heart Failure. JACC: Heart Failure 2020;8(5):386-97. 

156. Mussap M, Plebani M. Biochemistry and Clinical Role of Human Cystatin C. 
Critical Reviews in Clinical Laboratory Sciences 2004;41(5-6):467-550. 

157. Lassus J, Harjola V-P, Sund R, et al. Prognostic value of cystatin C in acute 
heart failure in relation to other markers of renal function and NT-
proBNP. European Heart Journal 2007;28(15):1841-47. 

158. Breidthardt T, Sabti Z, Ziller R, et al. Diagnostic and prognostic value of 
cystatin C in acute heart failure. Clinical Biochemistry 2017;50(18):1007-
13. 

159. Arimoto T, Takeishi Y, Niizeki T, et al. Cystatin C, a Novel Measure of Renal 
Function, Is an Independent Predictor of Cardiac Events in Patients With 
Heart Failure. Journal of Cardiac Failure 2005;11(8):595-601. 

160. McPeake J, Bateson M, Christie F, et al. Hospital re-admission after critical 
care survival: a systematic review and meta-analysis. Anaesthesia 
2022;77(4):475-85. 

161. Yende S, Linde-Zwirble W, Mayr F, et al. Risk of cardiovascular events in 
survivors of severe sepsis. American Journal of Respiratory & Critical 
Care Medicine 2014;189(9):1065-74. 

162. Hollenberg SM, Singer M. Pathophysiology of sepsis-induced 
cardiomyopathy. Nat Rev Cardiol 2021;18(6):424-34. 

163. Angriman F, Rosella LC, Lawler PR, et al. Risk Factors for Major 
Cardiovascular Events in Adult Sepsis Survivors: A Population-Based Cohort 
Study*. Critical Care Medicine 2023;51(4):471-83. 

164. Tricco AC, Lillie E, Zarin W, et al. PRISMA Extension for Scoping Reviews 
(PRISMA-ScR): Checklist and Explanation. Ann Intern Med 2018;169(7):467-
73. 

165. Peters MDJ, Marnie C, Tricco AC, et al. Updated methodological guidance 
for the conduct of scoping reviews. JBI Evid Synth 2020;18(10):2119-26. 

166. Pollock D, Peters MDJ, Khalil H, et al. Recommendations for the extraction, 
analysis, and presentation of results in scoping reviews. JBI Evidence 
Synthesis 2023;21(3):520-32. 

167. Jafarzadeh SR, Thomas BS, Warren DK, et al. Longitudinal study of the 
effects of bacteremia and sepsis on 5-year risk of cardiovascular events. 
Clinical Infectious Diseases 2016;63(4):495-500. 

168. Shih CJ, Chao PW, Ou SM, et al. Long-Term Risk of Cardiovascular Events in 
Patients With Chronic Kidney Disease Who Have Survived Sepsis: A 
Nationwide Cohort Study. Journal of the American Heart Association 
2017;6(2):10. 

169. Ou SY, Lee YJ, Lo Y, et al. Effects of Renin-Angiotensin-Aldosterone System 
Inhibitors on Long-Term Major Adverse Cardiovascular Events in Sepsis 
Survivors. Journal of the American Heart Association 
2021;10(23):e022870. 

170. Gupta VA, Alnabelsi TS, Shringi S, et al. Cardiovascular Risk After Sepsis: 
Understanding the Role of Statin Indications and the Impact of Clinical 



288 
 

Inertia on Prescribing Patterns. J Cardiovasc Pharmacol Ther 
2020;25(6):541-47. 

171. Angriman F, Rosella LC, Lawler PR, et al. Renin-Angiotensin System 
Inhibitors and Major Cardiovascular Events after Sepsis. Annals of the 
American Thoracic Society 2023;20(3):414-23. 

172. Adamuz J, Viasus D, Jimenez-Martinez E, et al. Incidence, timing and risk 
factors associated with 1-year mortality after hospitalization for 
community-acquired pneumonia. J Infect 2014;68(6):534-41. 

173. Aldas I, Menendez R, Mendez R, et al. Early and Late Cardiovascular Events 
in Patients Hospitalized for Community-Acquired Pneumonia. Arch 
Bronconeumol (Engl Ed) 2020;56(9):551-58. 

174. Alnabelsi TS, Gupta VA, Su LC, et al. Usefulness of Findings by 
Multimodality Imaging to Stratify Risk of Major Adverse Cardiac Events 
After Sepsis at 1 and 12 months. American Journal of Cardiology 
2020;125(11):1732-37. 

175. Beesley SJ, Sorensen J, Walkey AJ, et al. Long-Term Implications of 
Abnormal Left Ventricular Strain During Sepsis. Critical Care Medicine 
2021;49(4):e444-e53. 

176. Chang DW, Chi-Hong T, Shapiro MF, et al. Rehospitalizations Following 
Sepsis: Common and Costly. Critical Care Medicine 2015;43(10):2085-93. 

177. Corrales-Medina VF, Serpa J, Rueda AM, et al. Acute bacterial pneumonia is 
associated with the occurrence of acute coronary syndromes. Medicine 
2009;88(3):154-59. 

178. Corrales-Medina VF, Alvarez KN, Weissfeld LA, et al. Association between 
hospitalization for pneumonia and subsequent risk of cardiovascular 
disease. JAMA 2015;313(3):264-74. 

179. De Geer L, Oscarsson Tibblin A, Fredrikson M, et al. No association with 
cardiac death after sepsis: A nationwide observational cohort study. Acta 
Anaesthesiol Scand 2019;63(3):344-51. 

180. Gadre SK, Shah M, Mireles-Cabodevila E, et al. Epidemiology and Predictors 
of 30-Day Readmission in Patients With Sepsis. Chest 2019;155(3):483-90. 

181. Garcia MA, Rucci JM, Thai KK, et al. Association between Troponin I Levels 
during Sepsis and Postsepsis Cardiovascular Complications. Am J Respir 
Crit Care Med 2021;204(5):557-65. 

182. Gupta VA, Sousa M, Kraitman N, et al. Coronary artery calcification predicts 
cardiovascular complications after sepsis. J Crit Care 2018;44:261-66. 

183. Ishani A, Collins AJ, Herzog CA, et al. Septicemia, access and cardiovascular 
disease in dialysis patients: the USRDS Wave 2 study. Kidney International 
2005;68(1):311-8. 

184. Jentzer JC, Lawler PR, Van Houten HK, et al. Cardiovascular Events Among 
Survivors of Sepsis Hospitalization: A Retrospective Cohort Analysis. 
Journal of the American Heart Association 2023;12(3):e027813. 

185. Lai CC, Lee MTG, Lee WC, et al. Susceptible period for cardiovascular 
complications in patients recovering from sepsis. CMAJ 
2018;190(36):E1062-E69. 

186. Menendez R, Mendez R, Aldas I, et al. Community-Acquired Pneumonia 
Patients at Risk for Early and Long-term Cardiovascular Events Are 
Identified by Cardiac Biomarkers. Chest 2019;156(6):1080-91. 

187. Ou SM, Chu H, Chao PW, et al. Long-Term Mortality and Major Adverse 
Cardiovascular Events in Sepsis Survivors. A Nationwide Population-based 
Study. Am J Respir Crit Care Med 2016;194(2):209-17. 



289 
 
188. Prescott HC. Variation in Postsepsis Readmission Patterns: A Cohort Study of 

Veterans Affairs Beneficiaries. Ann Am Thorac Soc 2017;14(2):230-37. 
189. Vallabhajosyula S, Jentzer JC, Geske JB, et al. New-Onset Heart Failure and 

Mortality in Hospital Survivors of Sepsis-Related Left Ventricular 
Dysfunction. Shock 2018;49(2):144-49. 

190. Walkey AJ, Hammill BG, Curtis LH, et al. Long-term outcomes following 
development of new-onset atrial fibrillation during sepsis. Chest 
2014;146(5):1187-95. 

191. Wu M-H, Tsou P-Y, Wang Y-H, et al. Impact of post-sepsis cardiovascular 
complications on mortality in sepsis survivors: a population-based study. 
Critical Care 2019;23(1):293. 

192. Corrales-Medina VF, Alvarez KN, Weissfeld LA, et al. Association between 
hospitalization for pneumonia and subsequent risk of cardiovascular 
disease. JAMA - Journal of the American Medical Association 
2015;313(3):264-74. 

193. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and national sepsis 
incidence and mortality, 1990–2017: analysis for the Global Burden of 
Disease Study. The Lancet 2020;395(10219):200-11. 

194. Intensive Care National Audit and Research Centre (ICNARC). Annual Quality 
Report 2018/19 for adult critical care. 2021. Available From: 
https://onlinereports.icnarc.org/Reports/2019/12/annual-quality-report-
201819-for-adult-critical-care accessed 19/09/2021 2021. 

195. Yende S, D'Angelo G, Mayr F, et al. Elevated hemostasis markers after 
pneumonia increases one-year risk of all-cause and cardiovascular deaths. 
PLOS ONE 2011;6(8):e22847. 

196. Pai JK, Pischon T, Ma J, et al. Inflammatory Markers and the Risk of 
Coronary Heart Disease in Men and Women. New England Journal of 
Medicine 2004;351(25):2599-610. 

197. Held C, White HD, Stewart RAH, et al. Inflammatory Biomarkers Interleukin‐
6 and C‐Reactive Protein and Outcomes in Stable Coronary Heart Disease: 
Experiences From the STABILITY (Stabilization of Atherosclerotic Plaque 
by Initiation of Darapladib Therapy) Trial. Journal of the American Heart 
Association 2017;6(10) 

198. Adamo L, Rocha-Resende C, Prabhu SD, et al. Reappraising the role of 
inflammation in heart failure. Nature Reviews Cardiology 2020;17(5):269-
85. 

199. Soehnlein O, Libby P. Targeting inflammation in atherosclerosis — from 
experimental insights to the clinic. Nature Reviews Drug Discovery 
2021;20(8):589-610. 

200. Everett BM, Cornel JH, Lainscak M, et al. Anti-Inflammatory Therapy With 
Canakinumab for the Prevention of Hospitalization for Heart Failure. 
Circulation 2019;139(10):1289-99. 

201. Schwitzer E, Jensen KS, Brinkman L, et al. Survival ≠ Recovery. CHEST 
Critical Care 2023;1(1):100003. 

202. Petersen SE, Aung N, Sanghvi MM, et al. Reference ranges for cardiac 
structure and function using cardiovascular magnetic resonance (CMR) in 
Caucasians from the UK Biobank population cohort. Journal of 
Cardiovascular Magnetic Resonance 2016;19(1):18. 

203. Petersen SE, Khanji MY, Plein S, et al. European Association of 
Cardiovascular Imaging expert consensus paper: a comprehensive review 
of cardiovascular magnetic resonance normal values of cardiac chamber 

https://onlinereports.icnarc.org/Reports/2019/12/annual-quality-report-201819-for-adult-critical-care
https://onlinereports.icnarc.org/Reports/2019/12/annual-quality-report-201819-for-adult-critical-care


290 
 

size and aortic root in adults and recommendations for grading severity. 
Eur Heart J Cardiovasc Imaging 2019;20(12):1321-31. 

204. Mangion K, McComb C, Auger DA, et al. Magnetic Resonance Imaging of 
Myocardial Strain After Acute ST-Segment-Elevation Myocardial Infarction: 
A Systematic Review. Circ Cardiovasc Imaging 2017;10(8) 

205. Jayasekera G, Church C, Johnson M, et al. Right Ventricular free wall 
myocardial tissue characterisation by systolic Cardiac Magnetic Resonance 
T1 mapping in pulmonary hypertension. Journal of Cardiovascular 
Magnetic Resonance 2016;18(1):1-2. 

206. Kawel-Boehm N, Hetzel SJ, Ambale-Venkatesh B, et al. Reference ranges 
(“normal values”) for cardiovascular magnetic resonance (CMR) in adults 
and children: 2020 update. Journal of Cardiovascular Magnetic Resonance 
2020;22(1) 

207. Bellenger NG, Davies LC, Francis JM, et al. Reduction in sample size for 
studies of remodeling in heart failure by the use of cardiovascular 
magnetic resonance. J Cardiovasc Magn Reson 2000;2(4):271-8. 

208. Grothues F, Smith GC, Moon JC, et al. Comparison of interstudy 
reproducibility of cardiovascular magnetic resonance with two-
dimensional echocardiography in normal subjects and in patients with 
heart failure or left ventricular hypertrophy. Am J Cardiol 2002;90(1):29-
34. 

209. Henderson P, Quasim T, Shaw M, et al. Evaluation of a health and social 
care programme to improve outcomes following critical illness: a 
multicentre study. Thorax 2023;78(2):160-68. 

210. Mcpeake J, Henderson P, Mactavish P, et al. A multicentre evaluation 
exploring the impact of an integrated health and social care intervention 
for the caregivers of ICU survivors. Critical Care 2022;26(1) 

211. Ambardekar AV, Buttrick PM. Reverse remodeling with left ventricular assist 
devices: a review of clinical, cellular, and molecular effects. Circ Heart 
Fail 2011;4(2):224-33. 

212. Moon JC, Messroghli DR, Kellman P, et al. Myocardial T1 mapping and 
extracellular volume quantification: a Society for Cardiovascular Magnetic 
Resonance (SCMR) and CMR Working Group of the European Society of 
Cardiology consensus statement. Journal of Cardiovascular Magnetic 
Resonance 2013;15(1):92. 

213. Brown JJ, Peterson TM, Slutsky RA. Regional myocardial blood flow, edema 
formation, and magnetic relaxation times during acute myocardial 
ischemia in the canine. Invest Radiol 1985;20(5):465-71. 

214. Snel GJH, van den Boomen M, Hernandez LM, et al. Cardiovascular 
magnetic resonance native T(2) and T(2)(*) quantitative values for 
cardiomyopathies and heart transplantations: a systematic review and 
meta-analysis. J Cardiovasc Magn Reson 2020;22(1):34. 

215. Heiberg J, El-Ansary D, Canty DJ, et al. Focused echocardiography: a 
systematic review of diagnostic and clinical decision-making in 
anaesthesia and critical care. Anaesthesia 2016;71(9):1091-100. 

216. McErlane J, McCall P, Willder J, et al. Right ventricular free wall 
longitudinal strain is independently associated with mortality in 
mechanically ventilated patients with COVID-19. Ann Intensive Care 
2022;12(1):104. 

217. Lees JS, Rutherford E, Stevens KI, et al. Assessment of Cystatin C Level for 
Risk Stratification in Adults With Chronic Kidney Disease. JAMA Netw Open 
2022;5(10):e2238300. 



291 
 
218. Valeriani E, Falletta A, Pastori D, et al. Midregional‐proAdrenomedullin as a 

prognostic tool in sepsis and septic shock: A systematic review and meta‐
analysis. European Journal of Clinical Investigation 2024;54(9) 

219. Kerwagen F, Sahiti F, Sehner S, et al. MR-proADM is a strong independent 
predictor of long-term all-cause mortality risk in patients with chronic 
heart failure: results from the E-INH study. Eur Heart J 
2022;43(Supplement_2):ehac544.920. 

220. Libby P. Inflammation in atherosclerosis. Arterioscler Thromb Vasc Biol 
2012;32(9):2045-51. 

221. Angeletti S, Dicuonzo G, Fioravanti M, et al. Procalcitonin, MR-
Proadrenomedullin, and Cytokines Measurement in Sepsis Diagnosis: 
Advantages from Test Combination. Disease Markers 2015;2015:951532. 

222. Weber M, Hamm C. Role of B-type natriuretic peptide (BNP) and NT-proBNP 
in clinical routine. Heart 2006;92(6):843. 

223. Sandoval Y, Smith SW, Schulz KM, et al. Diagnosis of type 1 and type 2 
myocardial infarction using a high-sensitivity cardiac troponin i assay with 
sex-specific 99th percentiles based on the third universal definition of 
myocardial infarction classification system. Clinical Chemistry 
2015;61(4):657-63. 

224. Lees JS, Mark PB. Cystatin C to predict renal disease and cardiovascular 
risk. Nephrology Dialysis Transplantation 2020;36(1):39-41. 

225. Group KDIGOKCW. KDIGO 2024 Clinical Practice Guideline for the Evaluation 
and Management of Chronic Kidney Disease. Kidney Int 2024;105(4s):S117-
s314. 

226. Kurt B, Reugels M, Schneider KM, et al. C-reactive protein and 
cardiovascular risk in the general population. Eur Heart J 
2025;11:ehaf937. 

227. Shobeiri N, Bendeck MP. Interleukin-1β Is a Key Biomarker and Mediator of 
Inflammatory Vascular Calcification. Arteriosclerosis, Thrombosis, and 
Vascular Biology 2017;37(2):179-80. 

228. Mehta NN, deGoma E, Shapiro MD. IL-6 and Cardiovascular Risk: A Narrative 
Review. Curr Atheroscler Rep 2024;27(1):12. 

229. Welsh P, Murray HM, Ford I, et al. Circulating Interleukin-10 and Risk of 
Cardiovascular Events. Arteriosclerosis, Thrombosis, and Vascular Biology 
2011;31(10):2338-44. 

230. Ridker PM, Rifai N, Pfeffer M, et al. Elevation of Tumor Necrosis Factor-α 
and Increased Risk of Recurrent Coronary Events After Myocardial 
Infarction. Circulation 2000;101(18):2149-53. 

231. Neumann JT, Tzikas S, Funke-Kaiser A, et al. Association of MR-
proadrenomedullin with cardiovascular risk factors and subclinical 
cardiovascular disease. Atherosclerosis 2013;228(2):451-9. 

232. Ware JE, Jr., Sherbourne CD. The MOS 36-item short-form health survey 
(SF-36). I. Conceptual framework and item selection. Med Care 
1992;30(6):473-83. 

233. Bench S, Stayt L, Shah A, et al. Prevalence and experience of fatigue in 
survivors of critical illness: a mixed-methods systematic review. 
Anaesthesia 2021;76(9):1233-44. 

234. Garrity K, Docherty C, Mangion K, et al. Characterizing Cardiac Function in 
ICU Survivors of Sepsis: A Pilot Study Protocol. CHEST Critical Care 
2024;2(1):100050. 



292 
 
235. von Elm E, Altman DG, Egger M, et al. The Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) statement: guidelines for 
reporting observational studies. Lancet 2007;370(9596):1453-7. 

236. Shin DG, Kang MK, Seo YB, et al. Factors associated with abnormal left 
ventricular ejection fraction (decreased or increased) in patients with 
sepsis in the intensive care unit. PLOS ONE 2020;15(3):e0229563. 

237. Vasan RS, Xanthakis V, Lyass A, et al. Epidemiology of Left Ventricular 
Systolic Dysfunction and Heart Failure in the Framingham Study: An 
Echocardiographic Study Over 3 Decades. JACC Cardiovasc Imaging 
2018;11(1):1-11. 

238. Lee KJ, Wiest MM, Carlin JB. Statistics for clinicians: An introduction to 
linear regression. Journal of Paediatrics and Child Health 
2014;50(12):940-43. 

239. Hartig F. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/Mixed) 
Regression Models_. R package version 0.4.7: University of Regensburg; 
2024. Available From: https://CRAN.R-project.org/package=DHARMa 
accessed 02/08/2025 2025. 

240. Marra A, Pandharipande PP, Girard TD, et al. Co-Occurrence of Post-
Intensive Care Syndrome Problems Among 406 Survivors of Critical Illness*. 
Critical Care Medicine 2018;46(9):1393-401. 

241. Prescott HC, Harrison DA, Rowan KM, et al. Temporal Trends in Mortality of 
Critically Ill Patients with Sepsis in the United Kingdom, 1988–2019. 
American Journal of Respiratory and Critical Care Medicine 
2024;209(5):507-16. 

242. Public Health Scotland, Scottish Intensive Care Society Audit Group 
(SICSAG). Audit of critical care in NHSScotland - Reporting on 2021. 2022. 
Available From: https://publichealthscotland.scot/media/16832/22-09-
06-sicsag-report.pdf accessed 06/04/2023 2023. 

243. Welsh P, Campbell RT, Mooney L, et al. Reference Ranges for NT-proBNP 
(N-Terminal Pro-B-Type Natriuretic Peptide) and Risk Factors for Higher 
NT-proBNP Concentrations in a Large General Population Cohort. 
Circulation: Heart Failure 2022;15(10):e009427. 

244. Ipek R, Holland J, Cramer M, et al. CMR to characterize myocardial 
structure and function in heart failure with preserved left ventricular 
ejection fraction. European Heart Journal - Cardiovascular Imaging 
2024;25(11):1491-504. 

245. Ridgway JP. Cardiovascular magnetic resonance physics for clinicians: part 
I. J Cardiovasc Magn Reson 2010;12:71. 

246. Azhar S, Chong LR. Clinician’s guide to the basic principles of MRI. 
Postgraduate Medical Journal 2022;99(1174):894-903. 

247. Gravina M, Casavecchia G, Mangini F, et al. Magnetic resonance mapping for 
the assessment of cardiomyopathies and myocardial disease. International 
Journal of Cardiology 2024;415:132440. 

248. David Broadbent AK, John Biglands. CMR Physics Pocket Guide: The 
European Society of Cardiology (ESC) / European Association of 
Cardiovascular Imaging (EACVI) 2015. 

249. Hundley WG, Bluemke DA, Bogaert J, et al. Society for Cardiovascular 
Magnetic Resonance (SCMR) guidelines for reporting cardiovascular 
magnetic resonance examinations. Journal of Cardiovascular Magnetic 
Resonance 2022;24(1) 

250. American Heart Association Writing Group on Myocardial S, Registration for 
Cardiac I, Cerqueira MD, et al. Standardized Myocardial Segmentation and 

https://cran.r-project.org/package=DHARMa
https://publichealthscotland.scot/media/16832/22-09-06-sicsag-report.pdf
https://publichealthscotland.scot/media/16832/22-09-06-sicsag-report.pdf


293 
 

Nomenclature for Tomographic Imaging of the Heart. Circulation 
2002;105(4):539-42. 

251. Schulz-Menger J, Bluemke DA, Bremerich J, et al. Standardized image 
interpretation and post-processing in cardiovascular magnetic resonance - 
2020 update : Society for Cardiovascular Magnetic Resonance (SCMR): 
Board of Trustees Task Force on Standardized Post-Processing. J 
Cardiovasc Magn Reson 2020;22(1):19. 

252. Messroghli DR, Moon JC, Ferreira VM, et al. Clinical recommendations for 
cardiovascular magnetic resonance mapping of T1, T2, T2* and 
extracellular volume: A consensus statement by the Society for 
Cardiovascular Magnetic Resonance (SCMR) endorsed by the European 
Association for Cardiovascular Imagi. Journal of Cardiovascular Magnetic 
Resonance 2016;19(1):75. 

253. Taylor AJ, Salerno M, Dharmakumar R, et al. T1 Mapping: Basic Techniques 
and Clinical Applications. JACC Cardiovasc Imaging 2016;9(1):67-81. 

254. Messroghli DR, Radjenovic A, Kozerke S, et al. Modified Look-Locker 
inversion recovery (MOLLI) for high-resolution T1 mapping of the heart. 
Magn Reson Med 2004;52(1):141-6. 

255. Treibel Thomas A, Fontana M, Maestrini V, et al. Automatic Measurement of 
the Myocardial Interstitium. JACC: Cardiovascular Imaging 2016;9(1):54-
63. 

256. Morrow AJ, Sykes R, McIntosh A, et al. A multisystem, cardio-renal 
investigation of post-COVID-19 illness. Nat Med 2022;28(6):1303-13. 

257. Koo TK, Li MY. A Guideline of Selecting and Reporting Intraclass Correlation 
Coefficients for Reliability Research. J Chiropr Med 2016;15(2):155-63. 

258. (SIGN) SIGN. Management of chronic heart failure. 2016 ed. Edinburgh: 
SIGN, 2016. 

259. Conrad N, Judge A, Tran J, et al. Temporal trends and patterns in heart 
failure incidence: a population-based study of 4 million individuals. 
Lancet 2018;391(10120):572-80. 

260. Gonzalez-Manzanares R, Anguita-Gámez M, Muñiz J, et al. Prevalence and 
incidence of heart failure in type 2 diabetes patients: results from a 
nationwide prospective cohort—the DIABET-IC study. Cardiovascular 
Diabetology 2024;23(1):253. 

261. Rapsomaniki E, Timmis A, George J, et al. Blood pressure and incidence of 
twelve cardiovascular diseases: lifetime risks, healthy life-years lost, and 
age-specific associations in 1·25 million people. Lancet 
2014;383(9932):1899-911. 

262. Bayes-Genis A, Santalo-Bel M, Zapico-Muniz E, et al. N-terminal probrain 
natriuretic peptide (NT-proBNP) in the emergency diagnosis and in-
hospital monitoring of patients with dyspnoea and ventricular dysfunction. 
Eur J Heart Fail 2004;6(3):301-8. 

263. Bayés-Genís A, Lopez L, Zapico E, et al. NT-ProBNP Reduction Percentage 
During Admission for Acutely Decompensated Heart Failure Predicts Long-
Term Cardiovascular Mortality. Journal of Cardiac Failure 2005;11(5, 
Supplement):S3-S8. 

264. Wang TJ, Evans JC, Benjamin EJ, et al. Natural history of asymptomatic left 
ventricular systolic dysfunction in the community. Circulation 
2003;108(8):977-82. 

265. McPeake J, Shaw M, Iwashyna TJ, et al. Intensive Care Syndrome: 
Promoting Independence and Return to Employment (InS:PIRE). Early 
evaluation of a complex intervention. PLOS ONE 2017;12(11):e0188028. 



294 
 
266. Hartmann F, Packer M, Coats AJ, et al. Prognostic impact of plasma N-

terminal pro-brain natriuretic peptide in severe chronic congestive heart 
failure: a substudy of the Carvedilol Prospective Randomized Cumulative 
Survival (COPERNICUS) trial. Circulation 2004;110(13):1780-6. 

267. Kim SE, Cho DH, Son JW, et al. Impact of NT-proBNP on prognosis of acute 
decompensated chronic heart failure versus de novo heart failure. Int J 
Cardiol 2022;363:163-70. 

268. Świstek R, Szpunar W, Droś J, et al. Comparative prognostic value of high-
sensitivity cardiac troponin T and NT-proBNP for 30-day mortality in non-
cardiac critically ill patients. Scientific Reports 2026;16(1):6156. 

269. Byrne RA, Rossello X, Coughlan JJ, et al. 2023 ESC Guidelines for the 
management of acute coronary syndromes: Developed by the task force 
on the management of acute coronary syndromes of the European Society 
of Cardiology (ESC). Eur Heart J 2023;44(38):3720-826. 

270. Guest TM, Ramanathan AV, Tuteur PG, et al. Myocardial injury in critically 
ill patients. A frequently unrecognized complication. Jama 
1995;273(24):1945-9. 

271. Vasile VC, Chai HS, Abdeldayem D, et al. Elevated cardiac troponin T levels 
in critically ill patients with sepsis. Am J Med 2013;126(12):1114-21. 

272. Corrales-Medina VF, Suh KN, Rose G, et al. Cardiac complications in 
patients with community-acquired pneumonia: a systematic review and 
meta-analysis of observational studies. PLoS Medicine 
2011;8(6):e1001048-e48. 

273. Docherty AB, Alam S, Shah AS, et al. Unrecognised myocardial infarction 
and its relationship to outcome in critically ill patients with 
cardiovascular disease. Intensive Care Medicine 2018;44(12):2059-69. 

274. Zarbock A, Nadim MK, Pickkers P, et al. Sepsis-associated acute kidney 
injury: consensus report of the 28th Acute Disease Quality Initiative 
workgroup. Nat Rev Nephrol 2023;19(6):401-17. 

275. Andonovic M, Curle J, Traynor JP, et al. Impact of acute kidney injury on 
major adverse cardiovascular events in intensive care survivors. BJA Open 
2023;8:100243. 

276. Rauchhaus M, Doehner W, Francis DP, et al. Plasma Cytokine Parameters 
and Mortality in Patients With Chronic Heart Failure. Circulation 
2000;102(25):3060-67. 

277. Murphy SP, Kakkar R, McCarthy CP, et al. Inflammation in Heart Failure: 
JACC State-of-the-Art Review. Journal of the American College of 
Cardiology 2020;75(11):1324-40. 

278. Yang Y, Lv J, Jiang S, et al. The emerging role of Toll-like receptor 4 in 
myocardial inflammation. Cell Death & Disease 2016;7(5):e2234-e34. 

279. Mann DL. The emerging role of innate immunity in the heart and vascular 
system: for whom the cell tolls. Circulation research 2011;108(9):1133-
45. 

280. Boyd JH, Mathur S, Wang Y, et al. Toll-like receptor stimulation in 
cardiomyoctes decreases contractility and initiates an NF-κB dependent 
inflammatory response. Cardiovasc Res 2006;72(3):384-93. 

281. Kaura A, Hartley A, Panoulas V, et al. Mortality risk prediction of high-
sensitivity C-reactive protein in suspected acute coronary syndrome: A 
cohort study. PLoS Medicine 2022;19(2):e1003911. 

282. Chadda KR, Puthucheary Z. Persistent inflammation, immunosuppression, 
and catabolism syndrome (PICS): a review of definitions, potential 
therapies, and research priorities. Br J Anaesth 2024;132(3):507-18. 



295 
 
283. Núñez J, De La Espriella R, Miñana G, et al. Antigen carbohydrate 125 as a 

biomarker in heart failure: a narrative review. European Journal of Heart 
Failure 2021;23(9):1445-57. 

284. Valenzuela-Sánchez F, Valenzuela-Méndez B, Rodríguez-Gutiérrez JF, et al. 
New role of biomarkers: mid-regional pro-adrenomedullin, the biomarker 
of organ failure. Ann Transl Med 2016;4(17):329. 

285. Cruciat RC, Gazi G, Ismaiel A, et al. Unlocking the potential of biomarkers: 
The promise of adrenomedullin and its precursors in diagnosing and 
assessing heart failure. International Journal of Cardiology 
2025;418:132659. 

286. Twisk J, Rijmen F. Longitudinal tobit regression: A new approach to analyze 
outcome variables with floor or ceiling effects. Journal of Clinical 
Epidemiology 2009;62(9):953-58. 

287. Shapiro SS, Wilk MB. An analysis of variance test for normality (complete 
samples)†. Biometrika 1965;52(3-4):591-611. 

288. Frey HC, Burmaster DE. Methods for Characterizing Variability and 
Uncertainty: Comparison of Bootstrap Simulation and Likelihood-Based 
Approaches. Risk Analysis 1999;19(1):109-30. 

289. Saenger AK, Beyrau R, Braun S, et al. Multicenter analytical evaluation of a 
high-sensitivity troponin T assay. Clin Chim Acta 2011;412(9-10):748-54. 

290. Bettencourt P, Azevedo A, Pimenta J, et al. N-terminal-pro-brain 
natriuretic peptide predicts outcome after hospital discharge in heart 
failure patients. Circulation 2004;110(15):2168-74. 

291. Brueckmann M, Huhle G, Lang S, et al. Prognostic value of plasma N-
terminal pro-brain natriuretic peptide in patients with severe sepsis. 
Circulation 2005;112(4):527-34. 

292. Chua G, Kang-Hoe L. Marked elevations in N-terminal brain natriuretic 
peptide levels in septic shock. Crit Care 2004;8(4):R248-50. 

293. Garrity K, Gaw S, Blewitt A, et al. Cardiac dysfunction in survivors of sepsis: 
a scoping review. Open Heart 2023;10(2):e002454. 

294. Dinglas VD, Faraone LN, Needham DM. Understanding patient-important 
outcomes after critical illness: a synthesis of recent qualitative, 
empirical, and consensus-related studies. Curr Opin Crit Care 
2018;24(5):401-09. 

295. Gandhi GY, Murad MH, Fujiyoshi A, et al. Patient-important outcomes in 
registered diabetes trials. Jama 2008;299(21):2543-9. 

296. Dinglas VD, Chessare CM, Davis WE, et al. Perspectives of survivors, families 
and researchers on key outcomes for research in acute respiratory failure. 
Thorax 2018;73(1):7-12. 

297. Needham DM, Sepulveda KA, Dinglas VD, et al. Core Outcome Measures for 
Clinical Research in Acute Respiratory Failure Survivors. An International 
Modified Delphi Consensus Study. Am J Respir Crit Care Med 
2017;196(9):1122-30. 

298. Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive 
Assessment, MoCA: a brief screening tool for mild cognitive impairment. J 
Am Geriatr Soc 2005;53(4):695-9. 

299. Preiser JC, Herridge M, Azoulay E. Post-Intensive Care Syndrome: Springer 
International Publishing 2020. 

300. Herdman M, Gudex C, Lloyd A, et al. Development and preliminary testing 
of the new five-level version of EQ-5D (EQ-5D-5L). Qual Life Res 
2011;20(10):1727-36. 



296 
 
301. Devlin NJ, Shah KK, Feng Y, et al. Valuing health-related quality of life: An 

EQ-5D-5L value set for England. Health Econ 2018;27(1):7-22. 
302. Use of the EQ-5D-5L value set for England: NICE position statement.(2017) 

NICE Guideline ECD16. Available from: 
https://www.nice.org.uk/corporate/ecd16/chapter/position-statement 

303. van Hout B, Janssen MF, Feng Y-S, et al. Interim Scoring for the EQ-5D-5L: 
Mapping the EQ-5D-5L to EQ-5D-3L Value Sets. Value in Health 
2012;15(5):708-15. 

304. McGlothlin AE, Lewis RJ. Minimal Clinically Important Difference: Defining 
What Really Matters to Patients. JAMA 2014;312(13):1342-43. 

305. Pickard AS, Neary MP, Cella D. Estimation of minimally important 
differences in EQ-5D utility and VAS scores in cancer. Health Qual Life 
Outcomes 2007;5:70. 

306. Vainiola T, Pettilä V, Roine RP, et al. Comparison of two utility 
instruments, the EQ-5D and the 15D, in the critical care setting. Intensive 
Care Med 2010;36(12):2090-3. 

307. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta 
Psychiatr Scand 1983;67(6):361-70. 

308. Ramnani AP, Armellin L, Rai S, et al. Accuracy of a visual analogue scale for 
screening anxiety and depression in patients admitted to an intensive care 
unit: A comparison with the Hospital Anxiety and Depression Scale. 
Australian Critical Care 2026;39(2):101526. 

309. Snaith RP. Health and Quality of Life Outcomes 2003;1(1):29. 
310. Hlatky MA, Boineau RE, Higginbotham MB, et al. A brief self-administered 

questionnaire to determine functional capacity (the Duke Activity Status 
Index). Am J Cardiol 1989;64(10):651-4. 

311. Wu JR, Lennie TA, Frazier SK, et al. Health-Related Quality of Life, 
Functional Status, and Cardiac Event-Free Survival in Patients With Heart 
Failure. J Cardiovasc Nurs 2016;31(3):236-44. 

312. Carter R, Holiday DB, Grothues C, et al. Criterion validity of the Duke 
Activity Status Index for assessing functional capacity in patients with 
chronic obstructive pulmonary disease. J Cardiopulm Rehabil 
2002;22(4):298-308. 

313. Wijeysundera DN, Beattie WS, Hillis GS, et al. Integration of the Duke 
Activity Status Index into preoperative risk evaluation: a multicentre 
prospective cohort study. Br J Anaesth 2020;124(3):261-70. 

314. Grodin JL, Hammadah M, Fan Y, et al. Prognostic value of estimating 
functional capacity with the use of the duke activity status index in stable 
patients with chronic heart failure. J Card Fail 2015;21(1):44-50. 

315. Mahler DA, Wells CK. Evaluation of clinical methods for rating dyspnea. 
Chest 1988;93(3):580-6. 

316. Celli BR, Cote CG, Marin JM, et al. The Body-Mass Index, Airflow 
Obstruction, Dyspnea, and Exercise Capacity Index in Chronic Obstructive 
Pulmonary Disease. New England Journal of Medicine 2004;350(10):1005-
12. 

317. Venkatesan P. GOLD COPD report: 2025 update. Lancet Respir Med 
2025;13(1):e7-e8. 

318. JE W, CD S. The MOS 36-item short-form health survey (SF-36). I. 
Conceptual framework and item selection. Medical care 1992;30(6) 

319. Flick RJ, Kamphuis LA, Valley TS, et al. Association of Sepsis Survivor 
Subtypes With Long-Term Mortality and Disability After Discharge: A 
Retrospective Cohort Study. Critical Care Medicine 2026;54(1) 

https://www.nice.org.uk/corporate/ecd16/chapter/position-statement


297 
 
320. Kang J, Yun S, Hong J. Health-related quality of life measured with the EQ-

5D-5L in critical care survivors: A cross-sectional study. Intensive and 
Critical Care Nursing 2022;72:103252. 

321. Hammond NE, Finfer SR, Li Q, et al. Health-related quality of life in 
survivors of septic shock: 6-month follow-up from the ADRENAL trial. 
Intensive Care Medicine 2020;46(9):1696-706. 

322. Taylor SP, Bray BC, Chou SH, et al. Clinical Subtypes of Sepsis Survivors 
Predict Readmission and Mortality after Hospital Discharge. Annals of the 
American Thoracic Society 2022;19(8):1355-63. 

323. Brummel NE, Bell SP, Girard TD, et al. Frailty and Subsequent Disability and 
Mortality among Patients with Critical Illness. American Journal of 
Respiratory and Critical Care Medicine 2017;196(1):64-72. 

324. Needham DM, Sepulveda KA, Dinglas VD, et al. Core Outcome Measures for 
Clinical Research in Acute Respiratory Failure Survivors. An International 
Modified Delphi Consensus Study. American Journal of Respiratory and 
Critical Care Medicine 2017;196(9):1122-30. 

325. Janssen MF, Pickard AS, Golicki D, et al. Measurement properties of the EQ-
5D-5L compared to the EQ-5D-3L across eight patient groups: a multi-
country study. Qual Life Res 2013;22(7):1717-27. 

326. Prescott H. Readmission Diagnoses After Hospitalization for Severe Sepsis 
and Other Acute Medical Conditions. JAMA 2022;313(10):1055-57. 

327. Wang Y, Yang H, Huynh Q, et al. Diagnosis of Nonischemic Stage B 
Heart Failure in Type 2 Diabetes Mellitus. JACC: Cardiovascular Imaging 
2018;11(10):1390-400. 

328. Echouffo-Tcheugui Justin B, Erqou S, Butler J, et al. Assessing the Risk of 
Progression From Asymptomatic Left Ventricular Dysfunction to Overt 
Heart Failure. JACC: Heart Failure 2016;4(4):237-48. 

329. Asfar P, Meziani F, Hamel J-F, et al. High versus Low Blood-Pressure Target 
in Patients with Septic Shock. New England Journal of Medicine 
2014;370(17):1583-93. 

330. Russell JA, Wellman H, Walley KR. Vasopressin versus norepinephrine in 
septic shock: A propensity score matched efficiency retrospective cohort 
study in the VASST coordinating center hospital. Journal of Intensive Care 
2018 Nov 16;6:73. 

331. De Backer D, Biston P, Devriendt J, et al. Comparison of Dopamine and 
Norepinephrine in the Treatment of Shock. New England Journal of 
Medicine;362(9):779-89. 

332. Amato Marcelo BP, Meade Maureen O, Slutsky Arthur S, et al. Driving 
Pressure and Survival in the Acute Respiratory Distress Syndrome. New 
England Journal of Medicine;372(8):747-55. 

333. Chapman AR, Shah ASV, Lee KK, et al. Long-Term Outcomes in Patients 
With Type 2 Myocardial Infarction and Myocardial Injury. Circulation 
2018;137(12):1236-45. 

334. Yende S, D'Angelo G, Mayr F, et al. Elevated Hemostasis Markers after 
Pneumonia Increases One-Year Risk of All-Cause and Cardiovascular 
Deaths. PLOS ONE 2011;6(8):e22847. 

335. Mikkelsen ME, Still M, Anderson BJ, et al. Society of Critical Care Medicine's 
International Consensus Conference on Prediction and Identification of 
Long-Term Impairments After Critical Illness. Crit Care Med 
2020;48(11):1670-79. 



298 
 
336. Iwashyna TJ. Trajectories of recovery and dysfunction after acute illness, 

with implications for clinical trial design. Am J Respir Crit Care Med 
2012;186(4):302-4. 

337. Schmidt K, Worrack S, Von Korff M, et al. Effect of a Primary Care 
Management Intervention on Mental Health-Related Quality of Life Among 
Survivors of Sepsis: A Randomized Clinical Trial. Jama 2016;315(24):2703-
11. 

338. Douglas SL, Daly BJ, Kelley CG, et al. Chronically critically ill patients: 
health-related quality of life and resource use after a disease 
management intervention. Am J Crit Care 2007;16(5):447-57. 

339. Bloom SL, Stollings JL, Kirkpatrick O, et al. Randomized Clinical Trial of an 
ICU Recovery Pilot Program for Survivors of Critical Illness. Crit Care Med 
2019;47(10):1337-45. 

340. Cox CE, Hough CL, Carson SS, et al. Effects of a Telephone- and Web-based 
Coping Skills Training Program Compared with an Education Program for 
Survivors of Critical Illness and Their Family Members. A Randomized 
Clinical Trial. Am J Respir Crit Care Med 2018;197(1):66-78. 

341. Bohart S, Egerod I, Bestle MH, et al. Recovery programme for ICU survivors 
has no effect on relatives' quality of life: Secondary analysis of the RAPIT-
study. Intensive Crit Care Nurs 2018;47:39-45. 

342. Jensen JF, Egerod I, Bestle MH, et al. A recovery program to improve 
quality of life, sense of coherence and psychological health in ICU 
survivors: a multicenter randomized controlled trial, the RAPIT study. 
Intensive Care Med 2016;42(11):1733-43. 

343. Elliott D, McKinley S, Alison J, et al. Health-related quality of life and 
physical recovery after a critical illness: a multi-centre randomised 
controlled trial of a home-based physical rehabilitation program. Crit 
Care 2011;15(3):R142. 

344. Jones C, Skirrow P, Griffiths RD, et al. Rehabilitation after critical illness: a 
randomized, controlled trial. Crit Care Med 2003;31(10):2456-61. 

345. Flaws D, Stewart JD, Haines KJ, et al. Greater recovery after critical illness 
(GRACE): a call to action to create a new roadmap for critical illness 
research. Thorax 2025;81(1):13-21. 

346. Stewart J, Bradley J, Smith S, et al. Do critical illness survivors with 
multimorbidity need a different model of care? Critical Care 
2023;27(1):485. 

347. Isaak A, Pomareda I, Mesropyan N, et al. Cardiovascular Magnetic 
Resonance in Survivors of Critical Illness: Cardiac Abnormalities Are 
Associated With Acute Kidney Injury. Journal of the American Heart 
Association 2023;12(9):e029492. 

348. Tunstall-Pedoe H, Woodward M. By neglecting deprivation, cardiovascular 
risk scoring will exacerbate social gradients in disease. Heart 
2006;92(3):307-10. 

 


	Thesis cover sheet (1)
	2026GarrityPhDx

