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Summary 

Malignant Pleural Mesothelioma (MPM) is an aggressive intrathoracic malignancy 

with an overall poor prognosis. MPM is associated with asbestos exposure but has 

a long latency period between exposure and disease development. Incidence of 

MPM in the UK is therefore still rising, predicted to reach a peak in 2020. The 

majority of patients with MPM present with breathlessness, frequently due to a 

pleural effusion and/or chest pain. Diagnosis of MPM can be difficult. 

Radiological detection of early stage MPM in particular can be challenging, as 

pleural tumour, nodularity or significant pleural thickening may not be evident. 

Diagnosis is further complicated by the low yield of pleural fluid cytology 

examination in MPM and pleural biopsy is therefore usually required to allow 

definitive diagnosis. This can be achieved under image guidance, at surgical 

thoracoscopy or at local anaesthetic thoracoscopy (LAT). A significant number of 

patients are either elderly or have co-morbidity precluding general anaesthesia 

and surgical thoracoscopy. Image-guided pleural biopsy is not always feasible, 

particularly in the absence of significant pleural thickening. LAT remains a 

limited resource in the UK.  

A non-invasive biomarker of MPM, which could be performed early in the 

patient’s presentation, and that could be available to most hospitals, would 

therefore be a major clinical advance, allowing clinicians to direct appropriate 

patients to specialist centres with access to LAT and specialist MDT input where 

MPM appears likely. There have been several potential blood biomarkers 

identified in the mesothelioma literature, including the most widely studied, 

Mesothelin, and more recently Fibulin-3 and SOMAscan™. Unfortunately study 

results have been variably limited by retrospective study design, inconsistent 

sampling time points, inconsistent results and lack of external validation, 

therefore despite initial promising results, none of these biomarkers have 

entered routine clinical practice for diagnosis. Similarly, utility of imaging 

biomarkers such as perfusion Computed Tomography (CT), Positron Emission 

Tomography (PET) and Dynamic Contrast Enhanced Magnetic Resonance Imaging 

(DCE-MRI) has been limited by high radiation dose, limited availability, and 

requirement for bulky (and therefore late stage) disease for assessment 

respectively. 
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In chapter 2, study design, recruitment and preliminary results of the 

DIAPHRAGM (Diagnostic and Prognostic Biomarkers in the Rational Assessment of 

Mesothelioma) study are reported. A prospective, multi-centre study was 

designed, recruiting patients with suspected pleural malignancy (SPM) at initial 

presentation to secondary care services, from a mixture of academic and more 

clinical units in the UK and Ireland, in addition to asbestos-exposed control 

subjects. In one of the largest biomarker studies in mesothelioma to date, 639 

patients with SPM and 113 asbestos-exposed control subjects were recruited 

over three years. Data cleaning is being finalised by the Cancer Research UK 

Clinical Trials Unit Glasgow at the time of writing. Preliminary results reveal 

that 26% (n=154) patients recruited to the SPM cohort were diagnosed with MPM, 

33% (n=209) had secondary pleural malignancy and 34% (n=218) were diagnosed 

with benign pleural disease. A final diagnosis is awaited in 7% (n=47) at the time 

of writing. SOMAscan™ and Fibulin-3 biomarker analyses are ongoing and 

DIAPHRAGM will definitively answer the question of diagnostic utility of these 

blood biomarkers in routine clinical practice, in a ‘real-life’ MPM population, 

relative to that of Mesothelin.  

In chapter 3, contrast-enhanced MRI was performed in patients with suspected 

MPM and a novel MRI biomarker of pleural malignancy defined (Early Contrast 

Enhancement – ECE). ECE was defined as a peak in pleural signal intensity at or 

before 4.5 minutes after intravenous Gadobutrol administration. ECE assessment 

was successfully performed in all patients who underwent contrast-enhanced 

MRI. This included patients with pleural thickening <10mm (49/58 (84%)), the 

mean pleural thickness of all patients was 5mm. ECE demonstrated good overall 

diagnostic performance for the detection of pleural malignancy (sensitivity 83% 

(95% CI 61 – 94), specificity 83% (95% CI 68 - 91%), positive predictive value 68% 

(95% CI 47 – 84%), negative predictive value 92% (95% CI 78 – 97%)), comparable 

to morphology assessment at CT morphology and MRI morphology by experienced 

thoracic radiologists. In addition, ECE demonstrated good reproducibility (inter-

observer κ = 0.864), superior to subjective morphology assessment at CT and 

MRI. Mean signal intensity gradient (MSIG), a marker of patient’s contrast 

enhancement pattern, correlated with tumour Microvessel Density (MVD) using 

Factor VII immunostain (Spearman’s rho = 0.43, p=0.02). Additionally, a high 
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MSIG (>0.533AU/s), indicative of high tumour vascularity, was associated with 

poor median overall survival (12 months vs. 20 months, p=0.047). 

Staging of MPM represents an additional challenge to clinicians. This is due to 

the complex morphology and often rind-like growth pattern of MPM. In addition, 

delineation of pleural disease from adjacent structures such as intercostal 

muscle and diaphragm can be difficult to assess, particularly at CT, which is the 

most commonly used imaging modality for diagnostic and staging assessment in 

MPM. Current clinical staging frequently underestimates extent of disease, with 

a significant proportion of patients being upstaged at time of surgery, and is 

limited by high inter-observer variability. Recent studies have reported the 

prognostic significance of CT-derived tumour volume; however, many of these 

studies have been limited by the laborious or complex nature of tumour 

segmentation, significant inter-observer variability or challenges encountered in 

separating pleural tumour from adjacent structures, which are often of similar 

density. MRI is superior to CT in the detection of invasion of the chest wall and 

diaphragm in MPM. In Chapter 4, MRI was used to quantitatively assess pleural 

tumour volume in 31 patients with MPM using novel semi-automated 

segmentation methodology. Four different segmentation methodologies, using 

Myrian® segmentation software were developed and examined. Optimum 

methodology was defined, based on the accuracy of volume estimates of an MRI 

phantom, visual-based analysis, intra-observer agreement and analysis time. 

Using the optimum methodology, there was acceptable error around the MRI 

phantom volume (3.6%), a reasonable analysis time (approximately 14 minutes), 

good intra-observer agreement (intra-class correlation coefficient (ICC) 0.875) 

and excellent inter-observer agreement (ICC 0.962). Patients with a high MRI-

estimated tumour volume (≥300cm3) had a significantly poorer median overall 

survival (8.5 months vs. 20 months) and was a statistically significant prognostic 

variable on univariate (HR 2.273 (95% CI 1.162 – 4.446), p=0.016) and multi-

variate Cox proportional hazards model (HR 2.114 (95% CI 1.046 – 4.270), 

p=0.037).
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1 Chapter 1: Introduction 

1.1 General Introduction 

Malignant Pleural Mesothelioma (MPM) is an invasive thoracic malignancy 

associated with inherent diagnostic difficulties. It frequently presents as an 

emergency admission with breathlessness associated with a pleural effusion and 

has a poor median survival of 9.5 months. Local anaesthetic thoracoscopy (LAT) 

allows examination of the pleural cavity, multiple biopsies to be taken and 

therapeutic talc poudrage pleurodesis. However, access to LAT in the UK 

remains limited and therefore referral to specialist centres providing this service 

is often needed. A non-invasive biomarker to direct appropriate patients to 

these services is urgently required. The general aim of this thesis is to examine 

the true clinical utility of existing blood biomarkers in the existing MPM 

literature and to generate novel imaging biomarkers of MPM.  

1.2 Anatomy and Physiology of the Pleural Space 

The pleura is a fibrous membrane structure consisting of a single layer of 

mesothelial cells with underlying connective tissue layers, blood vessels, nerves 

and lymphatics. (1) The pleura folds back on itself to form a double membrane 

structure lining the surface of the lung, including the interlobar fissures (visceral 

pleura) and the chest wall, diaphragm and mediastinum (parietal pleura). The 

parietal and visceral pleura are continuous at the lung hilum via the pulmonary 

ligament. (2) The visceral pleura receives its blood supply from the bronchial 

circulation and the parietal pleura receives its blood supply from the intercostal 

arteries. (3) The thin space between the parietal and visceral pleura is known as 

the pleural cavity. In healthy humans, the pleural space contains a small volume 

of pleural fluid (approximately 0.3 ml/kg body mass). (4) Pleural fluid is filtered 

from systemic capillaries to the pleural space via the parietal pleural 

interstitium down a relatively small pressure gradient. Pleural fluid circulates 

within the pleural space, where the intra-pleural pressure is subatmospheric at 

approximately -8cmH2O at end-inspiration. Pleural fluid is drained via parietal 

pleural stomata and pleural lymphatics. Pleural fluid resorption is an active 

process, mediated by pulsatile smooth muscle activity within the lymphatic walls 
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and pressure oscillations secondary to respiration. (4)  This process normally 

increases in response to an increase in pleural fluid volume, however the degree 

to which pleural lymphatic flow can increase in response to increased pleural 

fluid filtration is limited. (4) The principal function of pleural fluid in health is to 

maintain close apposition of the parietal and visceral pleural membranes during 

respiration and to provide lubrication to allow frictionless movement of the two 

pleural surfaces. (5)  

1.3 Pathophysiology of Pleural Effusion 

A pleural effusion is an excess accumulation of fluid within the pleural space. 

This can result from one of several different mechanisms interrupting the 

balance between pleural fluid filtration and pleural fluid drainage. Pleural 

effusions can be classified as a transudate or an exudate. An exudative pleural 

effusion can be distinguished from a transudate with an accuracy of 93% (6) 

using Light’s criteria, where the effusion is defined as an exudate if one or more 

of the following are true: Pleural fluid protein concentration divided by serum 

protein concentration >0.5; pleural fluid lactate dehydrogenase (LDH) 

concentration divided by serum LDH concentration >0.6; pleural fluid LDH 

concentration >2/3 upper limit of laboratory normal reference range for serum 

LDH concentration. (7) Whether a pleural effusion is a transudate or an exudate 

is a result of the mechanism of disruption between filtration and drainage of 

pleural fluid:  

1. Changes in microvascular hydrostatic or oncotic pressure (8) – resulting in a 

transudative pleural effusion, as occurs in heart failure, liver failure and 

hypoalbuminaemia, which can result from systemic illness and nephrotic 

syndrome 

2. Reduction in pleural pressure (8) – resulting in a transudative pleural 

effusion, as occurs in atelectasis, which can occur secondary to bronchial 

obstruction in lung cancer, and trapped lung 

3. Changes in mesothelial and capillary endothelial permeability (5) – resulting 

in an exudative pleural effusion as occurs in inflammatory disorders, such as 

rheumatoid pleurisy, parapneumonic effusions and effusions secondary to 
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pulmonary embolism or malignancy, where malignant infiltration of the 

pleura can increase mesothelial permeability and infiltration of blood vessels 

or tumour-mediated release of pro-inflammatory cytokines and vasoactive 

mediators can increase endothelial permeability (8,9) 

4. Impaired lymphatic drainage (8) – resulting in an exudative effusion. 

Lymphatic obstruction can result from tumour in malignancy or inflammatory 

debris in inflammatory conditions or parapneumonic effusions. Impaired 

lymphatic drainage due to malignant infiltration of mediastinal lymph nodes 

is one of the commonest mechanisms for pleural effusion in malignancy. 

(10,11) Lymphatic abnormalities, as found in yellow nail syndrome can also 

result pleural effusion via impaired lymphatic drainage 

1.4 Pleural Effusion in malignancy 

Malignancy is one of the most common causes of pleural effusion, accounting for 

approximately 30% of all pleural effusions (12) and has an estimated incidence of 

50,000 per year in the UK. (13) Lung cancer accounts for approximately 35% of 

all metastatic pleural effusions, with breast cancer (approximately 25%), 

lymphoma (approximately 10%) and ovarian cancer (approximately 5%) being the 

next most common causes of metastatic malignant pleural effusion. (11) 

Malignant pleural effusion is indicative of advanced stage malignancy and 

associated with poor survival outcomes, with a median survival of 192 days in 

breast cancer and a median survival of only 74 days in lung cancer. (14) 

However, where it will affect management, pleural metastases, defined as 

parietal pleural tumour deposits or positive effusion cytology should be 

confirmed, as pleural effusion can occur in malignancy without any evidence of 

pleural involvement. In lung cancer, pleural effusion can be parapneumonic 

secondary to bronchial obstruction, or can result from atelectasis associated 

with bronchial obstruction. (11) This is an important distinction, as patients with 

pleural effusion but no pleural metastases can still potentially be radically 

treatable and have a significantly better survival than those with malignant 

pleural effusion. (15) MPM is a primary pleural tumour in which pleural effusion 

is found in approximately 90% of cases. (13)  
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1.5 Malignant Pleural Mesothelioma 

MPM is an invasive primary pleural malignancy with 2515 mesothelioma deaths 

reported in Great Britain in 2014. (16) The main MPM histologic subtypes are  

epithelioid (associated with the best prognosis), sarcomatoid (associated with 

the worst prognosis) and biphasic (a combination of epithelioid and sarcomatoid 

features). MPM is strongly associated with asbestos exposure, (17) with a history 

of asbestos exposure elicited in approximately 80 – 85% of patients. (18,19) 

Asbestos is a group of naturally occurring silicate fibres, which can be divided 

into two major groups - serpentine asbestos, which typically have short, curly 

fibres (chrysotile) and amphibole asbestos, which is characterised by straighter 

and longer fibres (amosite, crocidolite, actinolite, anthophyllite and tremolite). 

(1) Asbestos, most commonly chrysotile, was widely used in several industries in 

the UK, particularly in the early to mid-twentieth century. (16) High risk 

occupations therefore include shipyard workers, motor industry workers, 

carpenters, plumbers, electricians and painter and decorators. (20) Low level 

non-occupational exposure to asbestos via a relative or spouse, or environmental 

exposure in the household or neighbourhood is also associated with MPM. (21) 

Several years after the initial identification of the link between asbestos 

exposure and MPM in the 1950s (22), industry regulations were put in place in 

the late 1960s, requiring employers to limit asbestos exposure and provide 

protective clothing. The importation and industrial use of amosite and 

crocidolite asbestos was banned in 1985 and chrysotile asbestos was banned 

from industrial use in 1999 in the UK. (23) However, there is a long latency 

period, with an average period of approximately 40 years between exposure and 

MPM development. (18) Predictive models therefore estimate that there will be 

approximately 2500 deaths per year ongoing until around 2020 in the UK when 

rates will begin to decline, (24) with the total number of deaths in Great Britain 

from mesothelioma predicted to be approximately 90,000 by 2050. (25) 

Unfortunately, there is an estimated 2 million tons of asbestos still being used 

globally each year, particularly in Asia and India. (26) This ongoing use of 

asbestos means that MPM will continue to be a burdensome disease for several 

decades to come. Due to its strong association with asbestos exposure, MPM is 

considered an industrial disease. Patients in the UK can therefore claim for 

compensation and all cases in the UK require reporting to the procurator fiscal 
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at time of patient death. (27) Inadequate histological confirmation of a diagnosis 

of MPM in life typically requires post-mortem confirmation at death. This can be 

stressful for the patient’s family and result in funeral delays. 

1.6 Asbestos-induced Carcinogenesis in Malignant Pleural 

Mesothelioma 

As discussed in the previous section, there is a strong association between 

asbestos exposure and MPM. There have also been reports of an association 

between ionising radiation from external beam radiotherapy, simian virus 40 

(SV40) in historic polio vaccines and a genetic predisposition with MPM. (1,28,29)  

However, by far the strongest association is asbestos exposure, with 

approximately 80 – 85% of patients with MPM having a history of asbestos. 

(18,19) Amphibole asbestos fibres are considered to be more carcinogenic than 

the shorter serpentine asbestos fibres. (30) Asbestos fibres reach the pleura 

following inhalation, either directly via alveoli and the visceral pleura or via 

lymphatic vessels. (31) The mechanism of asbestos-induced carcinogenesis in 

MPM is not entirely clear. However, previous studies have demonstrated that 

asbestos induces a chronic inflammatory reaction, with macrophage 

accumulation in the pleura, where asbestos fibres undergo frustrated 

phagocytosis by macrophages. In response, there is release of numerous 

cytokines, including Tumour Necrosis Factor-α (TNF-α), and reactive oxygen 

species (ROS) and reactive nitrogen species (RNS). Asbestos fibres can also 

directly induce human mesothelial cells to express TNF-α receptor 1 (TNF-R1) 

and to secrete TNF-α. (32) Release of ROS and RNS contribute to asbestos-

mediated deoxyribonucleic acid (DNA) damage and aneuploidy. However, instead 

of undergoing apoptosis, these cells continue to divide. This is in part mediated 

by the NF-kB pathway, which is activated by the binding of TNF- α and its 

receptor TNF-R1. (33) Activation of NF-kB results in the activation of apoptosis 

inhibitors, promoting cellular proliferation. (34) Activation of the 

phosphoinositide-3 kinase (PI3K)/Akt pathway also promotes cellular 

proliferation and inhibits apoptosis in MPM. (35) Continued division of cells with 

DNA strand breaks and chromosomal aberrations eventually results in the 

emergence of malignant cell clones. (36) In addition, numerous other cytokines 

have been implicated in the pathogenesis of MPM. Expression of vascular 
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endothelial growth factor (VEGF), a potent stimulator of tumour 

neovascularisation, necessary for tumour growth and metastasis, has been shown 

to be increased in MPM cell lines. (37) Similarly, expression of insulin-like growth 

factor (IGF), platelet-derived growth factor (PDGF), transforming-growth factor 

beta (TGF-ß), hepatocyte growth factor (HGF) and interleukins 6 and 8 is 

elevated in MPM, contributing to tumour growth, cell proliferation and 

migration, tumour neoangiogenesis and tumour invasiveness. (32,36,38) 

1.7 Current diagnostic pathway 

1.7.1 Clinical presentation 

MPM most commonly presents with breathlessness and/or chest pain as a result 

of a pleural effusion. (18) Patients may also present with weight loss, sweats or 

lethargy as a result of the systemic effects of malignancy. (18,39) Right-sided 

disease tends to predominate and bilateral disease is extremely rare (previously 

recorded in 3% of patients). (40,41) Infrequently, patients may have palpable 

lymph nodes and/or digital clubbing. Emergency presentation is common (42,43) 

and prompt initial diagnostic sampling and relief of symptomatic pleural effusion 

is often required. MPM is typically associated with an exudative pleural effusion.  

However, there are often few features to distinguish MPM from other causes of 

pleural effusion, of which there are many (see Table 1.1). Presenting symptoms 

of breathlessness and chest pain are common to many causes of pleural effusion 

other than MPM, including pulmonary thromboembolism and parapneumonic 

effusion. (44) In addition, multiple cancers can metastasise to the pleura causing 

pleural effusion and are associated with systemic features of malignancy, such 

as weight loss and sweats, which is often found in patients with MPM. A history 

of occupational exposure to asbestos in a patient presenting with pleural 

effusion always raises the possibility of MPM, however, asbestos exposure is also 

associated with benign asbestos pleural effusion (BAPE) and an increased risk of 

lung cancer. (17) Additionally, up to 12% of patients diagnosed with BAPE, based 

on the finding of fibrinous pleuritis at pleural biopsy, will prove to have MPM on 

subsequent follow-up. (45) 
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Table 1.1 Differential diagnosis of exudative pleural effusion 
   
Malignancy	 	
					Primary	pleural	malignancy	e.g.	Mesothelioma	 	
					Secondary	pleural	malignancy	 	
Infection	 	
					Parapneumonic	effusion	 	
					Tuberculosis	 	
Inflammatory	 	
					Rheumatoid	arthritis	 	
					Other	autoimmune	pleuritis	e.g.	systemic	lupus	erythematosus	 	
					Benign	asbestos	pleural	effusion	 	
					Sarcoidosis	 	
Reactive	 	
					Secondary	to	lung	collapse	 	
					Post	thoracic	surgery	e.g.	coronary	artery	bypass	graft	 	
					Post	myocardial	infarction	 	
					Pancreatitis	 	
					Pulmonary	embolism	 	
Other		 	
					Drugs	e.g.	amiodarone,	nitrofurantoin,	tyrosine	kinase	inhibitors,	dantrolene	 	
					Lymphatic	disorders	e.g.	Yellow	Nail	Syndrome	or	lymphangioleiomyomatosis	 	
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1.7.2 Initial investigations 

Current diagnostic pathways start with clinical assessment, radiographic imaging 

and ultrasound-guided pleural aspiration. (44) Appearances on chest radiography 

(CXR) that are typically found in MPM include pleural effusion, loss of 

hemithoracic volume, nodular pleural thickening, irregular fissural thickening or 

a localised mass lesion. The presence of non-calcified and calcified pleural 

plaques may alert the clinician to prior asbestos exposure, even in the absence 

of an obvious exposure history. However, pleural plaques are not specific to MPM 

and may occur after low-level asbestos exposure. (46,47) The sensitivity and 

specificity of CXR findings for MPM are unsurprisingly poor (14 – 43%) (39,48) and 

further imaging is required in all patients. 

A blood-stained appearance of fluid at initial pleural aspiration can indicate 

pleural malignancy as a potential diagnosis. (49) However, pulmonary infarction 

secondary to pulmonary thromboembolism, trauma and parapneumonic effusions 

can also cause a blood-stained pleural effusion. (49,50)   

Cytological examination of pleural fluid is diagnostic in approximately 60% of 

cases of malignancy. (44) However, the sensitivity of pleural fluid cytology in the 

diagnosis of MPM is much lower (0 – 16%). (51) While centres with expert 

cytopathology available have reported sensitivities of 73%, (52) the practice of 

diagnosing MPM on pleural fluid cytology alone remains controversial. (53,54) 

Cytological appearances can be relatively bland or resemble reactive 

mesothelial proliferation and conversely benign reactive mesothelial 

proliferation can exhibit striking cytological atypia with often many overlapping 

cytological features. (54,55) In addition, sarcomatoid MPM does not typically 

exfoliate cells into pleural fluid and a diagnosis of sarcomatoid MPM is rarely 

achievable on pleural fluid cytology. (56,57)  

Demonstration of invasion by the mesothelial cell population is therefore often 

key to making a diagnosis of MPM, (57) and this is not possible with pleural fluid 

specimens alone. Repeated pleural aspiration beyond two pleural fluid 

specimens does not significantly improve diagnostic yield (58) and should be 
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avoided to prevent extensive fibrin deposition, (59) which may preclude 

effective thoracoscopic assessment, and procedure tract metastasis, which is a 

known complication in MPM. (60) If a diagnosis is not established following 

pleural aspiration, further investigation with additional imaging and pleural 

biopsy is recommended.  Imaging is discussed further in section 1.8. 

1.7.3 Pleural Biopsy 

Pleural biopsy techniques available include blind closed needle biopsy, image-

guided percutaneous pleural biopsy, local anaesthetic thoracoscopy (LAT), 

video-assisted thoracoscopic surgery (VATS) and open pleural biopsy. Open 

pleural biopsy is rarely utilised now that thoracoscopy is available and is 

associated with intractable chest wall pain and high rates of tract metastases. 

(51)   

Blind closed needle biopsies (frequently known as Abrams biopsy) are widely 

available and can be performed under local anaesthetic. However, it frequently 

yields tissue specimens <10mm and has a poor overall sensitivity for diagnosis of 

MPM with sensitivity previously reported to be as low as 16 - 30%. (54,61) 

Asbestos fibre deposition and MPM disease distribution is heterogeneous, and at 

early stages disease is frequently concentrated in the costophrenic gutter, (62) 

not easily accessible with an Abrams biopsy needle, which may account for the 

low diagnostic yield with blind closed needle biopsy. 

Image-guided percutaneous pleural biopsy is also widely available and can be 

performed under local anaesthetic. A retrospective study of ultrasound-guided 

cutting needle biopsy in 70 patients with suspected MPM reported diagnostic 

sensitivity of 77% and negative predictive value of 57% (95% confidence intervals 

not reported). (63) Maskell et al conducted a prospective, randomised trial 

comparing Computed Tomography (CT)-guided pleural biopsy with Abram’s 

pleural biopsy in 50 patients with suspected pleural malignancy and at least one 

negative pleural cytology sample. Sensitivity of CT-guided biopsy was 

significantly higher than Abram’s pleural biopsy for the detection of pleural 

malignancy in this study (sensitivity 87% versus 47%; difference in sensitivity 47% 

(95% CI 10 – 69%), p=0.02). Results were similar in the subgroup of patients with 

MPM (CT-guided biopsy sensitivity 88% and Abram’s pleural biopsy sensitivity 
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55%). (64) Image-guided percutaneous pleural biopsy is frequently employed in 

patients with a visible pleural mass, however it does not allow for definitive 

pleural fluid management in patients with symptomatic pleural effusion and 

these patients would therefore require additional pleural intervention. In 

addition, it does not allow direct inspection of the pleural cavity. 

Adequate inspection and sampling of the pleural space is important given the 

heterogeneous disease distribution and also to allow accurate subtyping of MPM. 

There is a significant survival difference between histologic subtypes, with a 

median survival in epithelioid, biphasic and sarcomatoid MPM of 13.1, 8.4 and 4 

months respectively. (65) Inadequate sampling may result in failure to identify 

prognostically significant sarcomatoid elements, which would constitute biphasic 

disease. LAT and VATS are both techniques that allow direct visual inspection of 

the pleural cavity in addition to therapeutic drainage of pleural effusion and talc 

poudrage within a single procedure. 

VATS has excellent diagnostic sensitivity for pleural malignancy, reported to be 

95% in one retrospective case series of 182 consecutive patients (66) and 100% in 

a small prospective series, in which 23/25 patients were diagnosed with MPM. 

(67) VATS utilises dual ports, making breakdown of adhesions in a multi-

loculated pleural space more feasible to allow adequate visualisation of the 

pleural surfaces. However, VATS requires referral to a thoracic surgeon and 

fitness for general anaesthesia. It is therefore not suitable for patients with 

reduced performance status or significant co-morbidity, (44) which is frequently 

the case in patients with suspected MPM, who are often in their 7th or 8th decade 

of life given the long latency period between asbestos exposure and disease 

development. 

LAT, also known as medical thoracoscopy, does not require a general anaesthetic 

and can be performed under local anaesthetic or conscious sedation, (68) making 

it accessible to a wider population than VATS. It utilises a single port and a rigid 

or semi-rigid thoracoscope and has excellent diagnostic sensitivity for MPM, 

reported to be 96 - 98.4% in two prospective case series, (69,70) with a low 

major complication rate. (71) LAT is therefore recommended in patients who do 

not have a diagnosis following pleural aspiration as an alternative to image-

guided biopsy, particularly in patients who require talc poudrage pleurodesis. If 
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the pre-test probability of MPM is high, some centres may use LAT earlier in the 

diagnostic pathway to prevent multiple pleural interventions. (71) While the 

number of centres providing a LAT service in the UK is increasing, (71) it is 

currently limited to approximately 40 centres. Patient access to LAT therefore 

frequently requires referral to tertiary centres who offer this service. 

1.7.4 Histological findings 

There are three main histological subtypes of mesothelioma – epithelioid, 

sarcomatoid and biphasic (mixed epithelioid and sarcomatoid features). 

Epithelioid MPM accounts for approximately 60% of all mesotheliomas. 

Morphologically, it typically consists of well-formed papillary structures, 

frequently with fibrovascular cores, formed by cuboidal cells with uniform, 

round nuclei that have small to medium-sized nucleoli. These cuboidal cells can 

mimic reactive mesothelial cells. (72) Similarly, many features frequently 

demonstrated in reactive mesothelial proliferation can resemble a neoplastic 

process, including high cellularity, high mitotic activity, necrosis and formation 

of papillary groups, with entrapment of mesothelial cells within fibrosis often 

mimicking invasion. (54) Pancytokeratin staining to assess the overall 

mesothelial architecture can help to demonstrate regularity of growth and 

respect of mesothelial boundaries in reactive mesothelial proliferation to 

distinguish it from mesothelioma. (54) Immunohistochemistry can help 

distinguish epithelioid MPM from metastatic lung adenocarcinoma. A panel 

including positive mesothelial markers (e.g. Calretinin, Cytokeratin 5/6, Wilms 

Tumour-1) and negative adenocarcinoma markers (e.g. TTF1, CEA, Ber-Ep4) is 

typically demonstrated. (54,72) Sarcomatoid MPM is characterised by a 

hypercellular spindle-cell proliferation, with elongated nuclei, numerous mitotic 

figures and eosinophilic cytoplasm. Approximately 30% of sarcomatoid MPM will 

have desmoplastic features, which are predominantly hypocellular with 

scattered atypical cells among dense collagenous tissue. (73) Desmoplastic 

mesothelioma can resemble benign fibrinous pleuritis and expression of 

mesothelial markers on immunohistochemistry can be inconsistent or absent. 

(73) Recently, studies have highlighted potential clinical utility of p16 

chromosomal deletion detected using Fluroescence in situ hybridisation (FISH). 

One study demonstrated hemi- or homozygous deletion in 67% of epithelioid, 
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87.5% of biphasic, 100% of sarcomatoid MPM and no cases of benign fibrinous 

pleurisy. (74) Demonstration of invasion into submesothelial tissue or underlying 

fat, skeletal muscle, rib or lung is however still considered key in the diagnosis 

of MPM. (54) Clinical history and imaging findings should also be reviewed in 

conjunction with pathologic findings before confirming a diagnosis of MPM.  

1.8 Imaging 

Detection of Malignant Pleural Mesothelioma 

Imaging plays a major role in the assessment of all patients with pleural disease. 

Imaging in pleural malignancy and in particular early stage MPM can be difficult 

as morphological features of pleural malignancy and pleural thickening may be 

minimal or absent. There are also often few features that differentiate MPM 

from secondary pleural malignancy, which can often be diagnosed without the 

need for LAT.  

1.8.1 Computed Tomography (CT) 

CT imaging is established as the key imaging test in patients with MPM and is 

recommended in all patients with suspected pleural malignancy and in patients 

with an undiagnosed exudative pleural effusion. (44) Optimal CT assessment of 

the pleura requires post-contrast imaging at an interval of 60 – 90 seconds. (75) 

The imaged volume should include the thorax and abdomen to allow accurate 

assessment of disease extent and stage, including the most inferior borders of 

the costophrenic sulci. CT features of pleural malignancy have been widely 

reported and include pleural enhancement, infiltration of the chest wall, 

mediastinum or diaphragm, nodular or mediastinal pleural thickening and 

interlobar fissural nodularity (see Figure 1.1 for an example). (76,77) The 

detection of one or more of these features on CT was associated with a 

sensitivity of 96% and specificity of 80% for malignancy (although not MPM 

specifically). (77)  
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Figure 1.1 Axial contrast-enhanced CT images of a patient with MPM, taken at 

the Queen Elizabeth University Hospital 2015, demonstrating enhancing pleural 

mass lesions, nodular pleural thickening and mediastinal pleural thickening 

(Panels A and B) and infiltration of the diaphragm (Panel C).  

Pleural effusion and pleural thickening are common but non-specific features, 

and are frequently demonstrated in benign pleural disease, including BAPE. (78) 

The concomitant presence of pleural calcification has been reported as more 

commonly associated with benign pleural disease, (76) but pleural plaques are 

frequently visualised in MPM (in up to 53% of patients). (40) No CT features 

reliably differentiate MPM from metastatic pleural malignancy, although 

enhancement of the interlobar fissures was reported more frequently in MPM in 
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a single study (39% in MPM versus 0% in other malignancies) (79). Moreover, CT 

cannot reliably distinguish between histological MPM subtypes, although 

ipsilateral volume loss, interlobar fissural involvement and mediastinal pleural 

involvement are reported more frequently in patients with sarcomatoid disease. 

(40,80) Metintas et al reported circumferential pleural thickening in 70% of MPM 

patients but only 15% of patients with metastatic pleural malignancy, resulting 

in a MPM sensitivity, specificity and odds ratio of 70%, 85%, and 3.17 (95% CI 1.67 

– 6.01). (81) The same study reported mediastinal pleural involvement more 

frequently in MPM than metastatic pleural malignancy (85% versus 33% 

respectively), resulting in an MPM sensitivity of 85% and specificity of 67% for 

this feature. (81) In this study, the stage of the patients included was not 

reported, but it is important to note that features such as circumferential 

pleural thickening are frequently absent in early stage disease. In addition, CT 

imaging can grossly underestimate macroscopic disease visible at thoracoscopy 

and can occasionally fail to identify nodular pleural thickening what is often 

diffuse at thoracoscopy (see Figure 1.2). It is also important to note that all of 

the above features are subjective and therefore operator dependent. This is 

perhaps reflected in the heterogeneity in reported overall diagnostic 

performance of CT for pleural malignancy in the literature. While previous 

research have reported sensitivities of 70 – 93% and specificity of 87 – 96%, 

(77,81) Hallifax et al reported lower diagnostic performance (sensitivity 68% 

(95% CI 62 – 75%) and specificity 78% (95% CI 72 – 84%) in a retrospective review 

of 370 patients referred for LAT. (82) Similarly, our own research group has 

reported sensitivity of 58% (95% CI 51 – 65%) and specificity of 80% (95% CI 72 – 

87%), resulting in a positive predictive value (PPV) of 83% (95% CI 75 – 89%) and a 

negative predictive value (NPV) of 54% (95% CI 46 – 61%), in 315 patients 

presenting with suspected pleural malignancy, reflecting the lower diagnostic 

performance of CT in ‘real-life’ clinical practice. (83) This is clearly an 

important difference, research studies typically adhere to strict imaging 

protocols, with optimised contrast timings, and utilise study specific reporting 

with thoracic specialty radiologists. In our study, 50% of patients presented as an 

emergency to secondary care services and almost 1 in 5 of these patients had a 

CT pulmonary angiogram (CTPA) performed to exclude concomitant pulmonary 

thromboembolism. In these patients, the diagnostic sensitivity of CTPA for 

detecting pleural malignancy was significantly lower than those who had venous 
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phase CT performed (sensitivity 27% (95% CI 9 – 53%) versus 61% (95% CI 53 – 68%) 

respectively, p=0.0056). In addition, only 37% of the scans performed in this 

study were reported by a thoracic radiologist (defined as radiologists with a 

primary subspecialty interest in chest imaging, including involvement in a 

thoracic oncology multidisciplinary team). CT scans that were reported by a non-

thoracic radiologist had lower diagnostic sensitivity (53% (95% CI 44 – 62%)) than 

those reported by a thoracic radiologist (69% (95% CI 55 – 79%) p=0.0488), 

reflecting the subjectivity of CT assessment. (83) 

 

Figure 1.2 Axial contrast-enhanced CT images of a patient with Malignant Pleural 

Mesothelioma demonstrating a large left sided pleural effusion but little in the 

way of pleural thickening or nodularity (Panels A and B). Thoracoscopic findings 

in the same patient (Panels C and D) demonstrate diffuse nodular pleural tumour 

affecting the costal pleura, aorta (Ao), left lower lobe (LLL) and left 

hemidaphragm (LHD) despite lack of obvious tumour at CT imaging. Reproduced 

with permission. (84)  
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1.8.2 PET-CT 

Positron Emission Tomography (PET) exploits increased uptake of radioactive 

metabolic tracers (e.g. 18Fluoro-Deoxy-Glucose (FDG)) by cancer cells. 

Integrated PET-CT overcomes the poor spatial resolution of PET by combining 

metabolic PET data with high resolution CT data. Patients are typically fasted 

for 4 - 6 hours before injection of 3.5 – 5.2 MBq/kg of 18FDG 60 – 120 minutes 

prior to scanning. 

 

In pleural malignancy, increased FDG uptake is typically visualised at sites of 

pleural tumour, lymph node involvement and distant metastases (see Figure 

1.3). SUV values are typically higher in MPM (reported mean SUVmax 6.5 +/- SD 

3.4) than in benign pleural disease (reported mean SUVmax 0.8 +/- SD 0.6), 

however some overlap in these values has been demonstrated in previous single-

centre prospective case series. (85) (86) An SUVmax threshold of >2.0 has been 

found to reliably differentiate MPM from benign pleural disease with a sensitivity 

of 88 - 97% and specificity of 88 - 100%, based on single-centre prospective 

studies. (85-87) Importantly, SUV values are influenced by patient 

characteristics, including weight, blood glucose levels and respiratory motion, as 

well as technical factors such as scanner variability and parameter variability 

including field of view. (88) Additionally, SUV values are calculated over 

identified Regions of Interest and may not reflect the overall biology of the 

pleura or disease, particularly in MPM where disease distribution can be 

markedly heterogeneous. Visual-based assessment is therefore recommended in 

combination with SUV values when assessing patients. False negatives have been 

reported in patients with small lesions or a low proliferative index, which may 

be found in patients with early stage MPM. Additionally, false positives in 

patients with inflammatory disorders, such as rheumatoid pleuritis and 

tuberculous pleurisy, and in patients with prior talc pleurodesis has been well 

reported. (89-91). This is highlighted by the low specificity (35%) reported in one 

study that included patients with prior talc pleurodesis. (90) Recent meta-

analyses regarding FDG-PET are somewhat contradictory, reporting differing 

pooled sensitivities/specificities in differentiating MPM from benign pleural 



46 
 
disease. Treglia reported a sensitivity of 95% (95% CI 92 – 97%) and specificity of 

82% (95% CI 76 – 88%) (89), while Porcel et al reported a sensitivity of only 81% 

(95% CI 66 – 91%) and a specificity of 74% (95% CI 58 – 85%) for semi-quantitative 

interpretation using PET-CT. (92) There are no specific PET-CT features that 

differentiate MPM from other causes of pleural malignancy. One single centre 

study demonstrated a tendency for epithelioid MPM to have a lower SUV value to 

sarcomatoid MPM (mean SUV 3.78 versus 6.16), however this was not statistically 

significant. (86) In general PET-CT is not routinely used for imaging detection of 

MPM but may be useful in identifying suitable targets for image-guided pleural 

biopsy. This is currently being examined in a UK multi-centre randomised 

controlled trial (TARGET trial, ISRCTN 14024829). (93) 

 

Dual time point FDG-PET imaging has been evaluated as a means of improving 

the specificity of PET-CT. The technique involves imaging at two separate time 

points following a single administration of 18FDG. Previous studies reported rising 

SUV values in malignant tumours for several hours post-administration in 

contrast to inflammatory disorders. (94,95) Mavi et al demonstrated a 

significantly higher SUVmax at both time points (early and delayed) in patients 

with MPM in comparison to patients with benign pleural disease. In addition, 

they observed increasing SUVmax values in patients with MPM in contrast to 

static or decreasing SUVmax values in patients with benign disease. (94) 

Similarly, Yamamoto et al demonstrated increased FDG uptake between early 

and delayed phased FDG-PET in patients with MPM but no increase in patients 

with benign pleural disease. (95) However, dual time point imaging clearly 

requires longer scan times and therefore expense and availability may limit its 

clinical utility. 

 

More recently, novel PET tracers targeting tumour hypoxia and angiogenesis 

have recently been developed. 18F-fluoromisonidazole (FMISO) is one example of 

a PET tracer that can be used to assess tumour hypoxia, and has recently been 

examined multiple solid tumours, including NSCLC, prostate cancer and head 

and neck cancer. (96) (97) Similarly, 18F-fluciclatide is a novel angiogenesis PET 

tracer, which is targeted to integrin αvβ3 and has been studied in NSCLC, 

colorectal cancer and breast cancer. (97) (98) 
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Figure 1.3 Axial 18FDG-PET-CT image of a patient with Malignant Pleural 

Mesothelioma, taken at the West of Scotland PET centre 2013, demonstrating 

intense 18FDG uptake within pleural tumour 

 

1.8.3 Magnetic Resonance Imaging (MRI) 

Magnetic Resonance Imaging (MRI) utilises resistive electromagnets to generate a 

magnetic field, with modern MRI systems having the ability to generate field 

strengths of up to 7-Tesla. Current clinical systems typically operate at 1.5 to 3-

Tesla. MRI has advantages of not utilising ionising radiation and provides 

excellent contrast and spatial resolution for anatomic information in addition to 

functional information that can provide insight into underlying disease biology. 

Basic magnetic resonance theory is discussed here before discussing the role of 

MRI in the detection and differentiation of MPM. 

 

1.9 Basic Magnetic Resonance Theory 

1.9.1 Nuclear Magnetic Resonance 

Magnetic resonance (MR) images are constructed from the dissipation of energy 

absorbed by the nuclei of Hydrogen atoms in response to a radiofrequency (RF) 

pulse, when a patient is placed in a magnetic field. Hydrogen consists of a single 

proton nucleus, orbited by one electron and is the most abundant element in the 

human body. For simplicity, the Hydrogen atom can be referred to as a proton.  
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Each proton spins around its own axis in a random orientation. When a magnetic 

field (B0) is applied, the protons align with the magnetic field, either in parallel 

or in anti-parallel, and ‘precess’ at the Larmour frequency. The Larmour or 

precessional frequency is dependent on the strength of the magnetic field and 

the gyromagnetic ratio, which is constant for any given nucleus (42.57 

MHz/Tesla for H+). More protons are aligned parallel (low energy state) with BØ 

than anti-parallel (high energy state), resulting in a net longitudinal 

magnetisation in the direction of the magnetic field (Z axis, see figure 1.4). In 

response to an excitatory RF pulse, protons spinning at the same precessional 

frequency as the frequency of the RF pulse will ‘flip’, rotating the net 

magnetisation into the transverse plane (X-Y, see figure 1.4). The degree that 

net magnetisation rotates into the transverse plane (flip angle) is dependent on 

the amplitude and duration of the RF pulse. 

Once the excitatory RF pulse ends, the protons begin to relax back to their 

original state (equilibrium), resulting in rotation of the net magnetisation back 

from the transverse plane to the longitudinal axis. Relaxation depends on 

protons releasing the absorbed energy from the RF pulse, resulting in an MR 

signal. Relaxation can be divided into two independent but simultaneous 

processes, T1 relaxation and T2 relaxation. 
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Figure 1.4 Schematic representation of net magnetisation vector of tissue 

protons orientated in the same plane as the main magnetic field (BØ) 

(longitudinal/Z axis) and tipping of net magnetisation into the transverse plane 

(X-Y axis) in response to a 90º excitatory radiofrequency (RF) pulse. Reproduced 

with the permission of Dr Kevin Blyth  

1.9.2 T1 Relaxation (Spin-Lattice relaxation) 

T1 relaxation describes the recovery of the longitudinal net magnetisation at the 

end of the RF pulse, with release of energy into the surrounding tissues (lattice). 

The T1 relaxation time is defined as the time it takes for the longitudinal 

magnetisation to recover to 63% of its original magnetisation at equilibrium. This 

T1 relaxation time is different for different tissues, depending on the proton’s 

surrounding environment. 

1.9.3 T2 Relaxation (Spin-Spin relaxation) 

T2 relaxation describes the decay of transverse magnetisation produced by an 

excitatory RF pulse. Each individual proton spins around its own axis with no 
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phase coherence (out-of-phase). In response to a RF pulse, the protons start 

spinning in the same direction (in-phase). When the RF pulse is switched off, the 

protons will start to de-phase, resulting in decay of transverse magnetisation 

and release of energy amongst individual protons. T2 relaxation time is defined 

as the time it takes for the spins to de-phase to 37% of the original value. T2 

relaxation is also tissue dependent and occurs much faster than T1 relaxation.  

Contrast between tissues in MRI is a result of different T1 and T2 characteristics 

of adjacent tissues. Alterations in MRI pulse sequences can be made to optimise 

contrast between adjacent tissues of interest, producing T1- or T2-weighted 

images. T1-weighted images can be produced by reducing the time in between 

repeated excitatory RF pulses (the Repetition Time (TR)). T2-weighted images 

can be produced by increasing TR and increasing the Echo Time (TE). Echo time 

is the time from the RF pulse to the resulting MR signal (the echo).   

1.9.4 Spatial Localisation of Tissue 

Gradient coils are embedded in the inner core of the main electromagnet in the 

MRI scanner. They are arranged in sagittal, coronal and axial planes to the main 

magnetic field (BØ), creating additional small magnetic fields in their own plane. 

These gradient coils are used to create a Slice Encoding Gradient, a Phase 

Encoding Gradient, and a Frequency Encoding Gradient, which allows MR signal 

to be localised to an individual voxel within an individual block of tissue. 

1.9.5 K-space 

K-space is made up of the raw, unprocessed MRI signals. Low frequency signals 

are arranged in the centre of k-space, containing information about signal and 

tissue contrast. High frequency signals are arranged around the periphery of k-

space and contains information about spatial resolution. The unprocessed MRI 

signals within k-space are transformed into interpretable images by the 

computer using a mathematical process known as Fourier Transformation.  
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1.10 MRI in the detection and differentiation of MPM 

Pleural fluid appears dark on T1-weighted images due to the slower T1 

relaxation of free water solutions in comparison to tissue such as fat (which has 

a fast T1 relaxation and therefore appears bright), see Figure 1.5. This effect is 

enhanced using paramagnetic contrast agents such as gadolinium. On T2-

weighted imaging, free fluid such as pleural effusion appears bright, in contrast 

to lung and muscle. T2-weighted imaging can be useful for detecting septations 

within pleural fluid (which can also be identified using thoracic ultrasound). This 

is important when considering patients for local anaesthetic thoracoscopy, 

where significant loculation can preclude effective examination of the pleural 

cavity (see Figure 1.6).  
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Figure 1.5 T1-weighted axial (Panel A) and coronal (Panel B) fat-saturated VIBE 

images of a patient with pleural effusion, taken post-contrast using a 3T Siemens 

Magnetom PRISMA® MR scanner at the Glasgow Clinical Research Imaging 

Facility, QEUH 
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Figure 1.6 T2-weighted axial (Panels A and B) and coronal (Panel C) HASTE 

images of a patient with pleural effusion, taken pre-contrast using a 3T Siemens 

Magnetom PRISMA® MR scanner at the Glasgow Clinical Research Imaging 

Facility, QEUH. Panels B and C clearly demonstrate multiple septations 

(appearing dark) within pleural fluid (bright) 
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Features of malignancy previously described such as nodular pleural thickening, 

mediastinal pleural involvement and infiltration of the chest wall or diaphragm 

are all demonstrable on MRI (see Figure 1.7). The presence of these features at 

MRI resulted in a sensitivity of 96% and specificity of 80% for pleural malignancy 

in one retrospective series (95% confidence intervals not reported). (77) The 

same study reported findings of increased signal intensity of malignant pleural 

lesions in comparison to intercostal muscles at both T2-weighted and contrast-

enhanced T1-weighted imaging, with a resulting sensitivity of 91% and 93% and 

specificity of 80% and 73% respectively (95% confidence intervals not reported). 

When combining this signal intensity data with the described morphological 

findings, the authors reported an overall sensitivity of 100% and specificity of 

93% for pleural malignancy (95% confidence intervals not reported). (77)  

Boraschi et al reported increased signal intensity at T1 and T2-weighted imaging 

in patients with MPM and low signal intensity within benign pleural plaques. (99) 

Similarly, Falaschi et al reported pleural hyperintensity in comparison to 

intercostal muscle at T1-weighted imaging, differentiating between malignant 

and benign pleural lesions with a sensitivity of 100% and specificity of 60% (95% 

confidence interval not reported). Patients with TB pleuritis demonstrated 

falsely elevated pleural hyperintensity on both T1 and T2-weighted imaging in 

this study. (100) 
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Figure 1.7 T1-weighted axial (Panel A) and coronal (Panel B) fat-saturated VIBE 

images of two patients with Malignant Pleural Mesothelioma, taken post-contrast 

using a 3T Siemens Magnetom Verio® MR scanner at the BHF Glasgow 

Cardiovascular Imaging Facility (Panel A) and a 3T Siemens Magnetom PRISMA® 

MR scanner at the Glasgow Clinical Research Imaging Facility, QEUH (Panel B). 

Panel A demonstrates enhancing pleural tumour and Panel B demonstrates 

nodular pleural thickening with chest wall invasion 
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MRI examination of patients with pleural malignancy using diffusion-weighted 

MRI (DWI-MRI) has also been described. DWI-MRI is based on the random motion 

of water protons within tissue. (101) The Apparent Diffusion Co-efficient (ADC), 

measured at DWI-MRI is a quantitative measure of the diffusion of water 

molecules, and can provide information about tissue such as tissue cellularity 

(increased cellularity resulting in a lower ADC) and oedema (associated with a 

higher ADC). (102) DWI-MRI is well established in neuro-imaging, in particular 

assessment of acute cerebral ischaemia (103) and has also been used to assess 

renal lesions (104) and prostate cancer. (105)  Changes in MPM at DWI-MRI have 

previously been reported by Gill et al, who reported lower ADC levels in MPM in 

comparison to patients with benign pleural disease, indicating increased 

cellularity causing restricted water diffusion. (106) In addition, it has been 

reported that patients with epithelioid subtype exhibit significantly higher ADC 

values than patients with sarcomatoid MPM. (107,108) However, Gill et al were 

unable to compute ADC values for 12% (n=7) of the patients included in their 

study as a result of significant image distortion. (106) Coolen et al also 

demonstrated significantly lower ADC values at DWI-MRI in patients with MPM in 

comparison to patients with benign disease and reported a sensitivity of 71% and 

specificity of 100% at an optimum ADC cut-off of 1.52 x 10-3mm2/sec (95% 

confidence intervals not reported). (90) Pleural pointillism is a more recently 

described visual analogue of ADC at DWI-MRI, which does not require software 

calculation of a quantitative value. This describes inhomogeneous pleural 

hyperintensity at high b value imaging (b value 1000 sec/mm2) representing 

areas of low diffusion. In a single-centre, prospective study of 100 consecutive 

patients with suspected MPM, the presence of pleural pointillism was detectable 

in patients with pleural malignancy with a sensitivity of 92.5% (95% CI 83.7 – 

96.8%) and specificity of 78.8% (95% CI 62.2 – 89.3%). (109)  

 

Dynamic-Contrast Enhanced MRI (DCE-MRI) is based on assessment of tissue 

microvasculature and vascular permeability. Sequential MR images are acquired 

in the first few seconds after contrast injection (typically intravenous 

gadolinium), imaging the temporal passage of contrast material through tissue 

and thus providing information about tissue perfusion. (110) Utilising DCE-MRI, 

pharmacokinetic parameters characterising perfusion (redistribution rate 
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constant (Kel)) and microvascular permeability (elimination rate constant (Kep)) 

can be calculated. Kel is a measure of the rate of Gadolinium transfer between 

the extracellular space and the vascular space. Kep is a measure of the rate of 

Gadolinium elimination from the intravascular space. DCE-MRI has previously 

been studied in multiple tumour types, including breast (111-113), 

hepatocellular (114) and prostate cancer. (115,116) In addition, DCE-MRI has 

previously been studied in MPM. Giesel et al performed DCE-MRI in 19 patients 

with predominantly stage IV MPM, measuring pharmacokinetic parameters 

(amplitude, redistribution rate constant (kep) and elimination rate constant 

(kel)) following intravenous Gadolinium contrast administration. They 

demonstrated areas of intense contrast enhancement within pleural tumour 

(high amplitude) in addition to a rapid washout pattern (positive kel) within ‘hot 

spots’ of the tumour and slow contrast elimination (negative kel) within the 

remaining tumour. (117) The same authors went on to report a moderate 

correlation (r=0.5) between total tumour Amplitude (increase of signal intensity 

post-contrast relative to pre-contrast signal intensity) and Microvessel Density 

measured in formalin-fixed, paraffin-embedded pleural tumour, using CD34 

immunostain. (118)  

 

Coolen et al subsequently corroborated these findings, performing DCE-MRI in 

addition to DWI-MRI in a small prospective cohort study with a combined 

sensitivity of 93% and specificity 94% (95% confidence intervals not reported) for 

pleural malignancy. (90) These studies highlight the potential of DCE-MRI for 

detection of MPM, however, successful measurement of pharmacokinetic 

parameters is difficult to achieve in patients who do not have bulky (and 

therefore typically advanced) tumour. In addition, DCE-MRI is limited by the 

compromise between spatial resolution and temporal resolution (119), which is 

significant in a morphologically complex disease such as MPM. A limited number 

of slices and therefore volume can be included in DCE-MRI, due to the limited 

acquisition time, resulting in localised, ‘hot-spot’ sampling rather than acquiring 

information about the entire volume of pleura. This results in a risk of sampling 

error, where the region sampled is not representative of the entire tumour, 

(120) which is significant in MPM, which has a heterogeneous and often 

widespread disease distribution. This limits clinical utility as a diagnostic 
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biomarker, particularly in early stage detection of MPM but highlights its 

potential as a predictive biomarker of anti-angiogenic chemotherapy response.  

 

1.11 Staging of MPM 

Staging of MPM is difficult due to its unusual rind-like growth pattern, different 

to the expansile mass growth of most other tumours. Until recently, the 

International Mesothelioma Interest Group (IMIG) recommended Tumour Node 

Metastasis (TNM) 7th edition staging system was the mostly widely accepted 

current staging system for MPM (see Table 1.2). (121) However, these 

recommendations were based largely on expert consensus and data from small 

retrospective surgical series. In addition, Tumour (T) staging reflected 

anatomical surfaces involved or invaded into, rather than the size of the primary 

tumour, and these judgements were best made at time of surgery, rather than 

on imaging. It was therefore difficult to use in clinical practice, where the 

majority of patients do not undergo surgery. In addition, nodal (N) staging was 

based on the N descriptors in Non-Small Cell Lung Cancer (NSCLC) staging. The 

lymphatic drainage of the pleura differs from that of the lung, with evidence of 

direct mediastinal drainage in previous studies. (122) (123) As a result, patterns 

of nodal spread in MPM almost certainly differ to those in lung cancer. (124)  

The International Association for the Study of Lung Cancer (IASLC) Mesothelioma 

database, was established as part of the Mesothelioma Staging Project in 2011. 

This incorporated retrospective data, from multiple (largely surgical) centres, 

including data from patients diagnosed between 1995 to 2009. Initial review of 

3101 patients, 3017 (97%) of whom were surgical, included in the database 

highlighted inadequacies in the current staging system. In particular, there were 

discrepancies between clinical and pathological staging, with frequent upstaging 

following surgery, and no statistically significant difference in survival between 

T1 versus T2 patients nor between N1 versus N2 patients. (125) The Prospective 

Staging Project in Malignant Pleural Mesothelioma was therefore initiated by the 

IASLC in 2010. Subsequent review of a database of 3519 MPM cases (1566 

prospectively collected and 1953 retrospectively collected) from 29 centres 

across four continents has informed the 8th edition of TNM staging, (see Table 

1.3) and includes a larger number of non-surgical patients. (126) (127) (128) 
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Review of T staging in 1987/3519 MPM cases demonstrated poor discrimination in 

survival between clinically staged T1a and T1b categories (HR 0.99, p=0.95). 

(126) Furthermore, review of N staging in 2173/3519 MPM cases demonstrated 

poor discrimination in survival between pathologically staged N1 and N2 

categories (HR 0.99, p=0.99). (127) Updated 8th edition T-staging therefore 

collapses 7th edition T1a and T1b into a single T1 category. (126) Similarly, 

updated 8th edition N-staging collapses 7th edition N1 and N2 into a single N1 

category, comprising ipsilateral, intrathoracic nodal metastases, with the 7th 

edition N3 now being reclassified as N2. (127) 

At the time of recruitment of patients to the studies outlined in this thesis, the 

previous edition of TNM staging was being used and therefore all staging 

reported in the following chapters is done so according to the 7th edition TNM 

staging system. Review of the mesothelioma database has demonstrated a 

survival disadvantage with increasing maximal pleural thickness (patients with a 

maximal pleural thickness <5.1mm had a 24-month survival of 51% versus 39% for 

patients with a maximal pleural thickness ≥5.1mm) and increasing total pleural 

thickness (patients with a total pleural thickness <13mm, 13 – 60mm and ≥60mm 

had a 24-month survival of 55%, 40% and 30% respectively). Increasing pleural 

thickness was also associated with an increased rate of nodal involvement. (126) 

Quantifying disease using pleural thickness measurements or volumetric 

assessment therefore has the potential to be used in the future as an alternative 

or addition to T staging. The need for this has been highlighted by the significant 

difficulty in accurate clinical staging in MPM using current imaging modalities, 

with 80.8% of stage I and 69.5% of stage II patients being upstaged following 

surgical staging. (125) Here I discuss the current roles of CT, PET-CT and MRI in 

the staging of MPM.
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Table 1.2 IMIG/TNM 7th Edition staging system for Malignant Pleural 

Mesothelioma 

Primary	Tumour	(T)	 	      

Tx	 Not	assessable	 	     

T0	 No	evidence	of	primary	tumour	 	    

T1a	 Tumour	limited	to	the	ipsilateral	parietal	pleura,	including	mediastinal	and	
diaphragmatic	pleura,	no	involvement	of	visceral	pleura	

	

 

T1b	 Tumour	involving	ipsilateral	parietal	and	visceral	pleura	 	

T2	 Invasion	of	tumour	into	the	underlying	lung	or	involvement	of	the	diaphragmatic	
muscle	

	

 

T3	 Locally	advanced	but	potentially	resectable	tumour	 	

 Invasion	of	tumour	into	endothoracic	fascia	or	mediastinal	fat	 	

 Solitary	focus	of	tumour	invading	chest	wall	 	

 Non-transmural	pericardial	involvement	 	

T4	 Locally	advanced,	technically	unresectable	tumour	 	

 Diffuse	or	multi-focal	chest	wall	involvement,	with	or	without	rib	destruction	
	 Trans-diaphragmatic	extension	of	tumour	into	peritoneum	 	
 Extension	of	tumour	to	the	contralateral	pleura,	spine	or	one	or	more	

mediastinal	organs,	including	transmural	pericardial	involvement,	with	or	
without	pericardial	effusion,	or	tumour	involving	the	myocardium	

	
  
  
Regional	Lymph	Nodes	(N)	 	     

Nx	 Not	assessable	 	
N0	 No	regional	lymph	node	metastases	 	
N1	 Ipsilateral	intrapulmonary	or	hilar	lymph	node	metastases	 	

N2	 Ipsilateral	mediasitinal	lymph	node	metastases,	including	ipsilateral	internal	
mammary	or	para-aortic	lymph	node	metastases	

	

 

N3	 Contralateral	intrapulmonary,	hilar	or	mediastinal	lymph	node	metastases,	or	
any	(ipsilateral	or	contralateral)	supraclavicular	lymph	node	metastases	

	
 

Distant	Metastasis	(M)	 	      

MX	 Not	assessable	 	
M0	 No	distant	metastasis	 	

M1	 Distant	metastasis	present	 	
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Table 1.3 TNM 8th Edition staging system for Malignant Pleural Mesothelioma 

Primary	Tumour	(T)	 	      

Tx	 Not	assessable	 	     

T0	 No	evidence	of	primary	tumour	 	    

T1	 Tumour	limited	to	parietal	(including	mediastinal	and	diaphragmatic	pleura)	+/-	
involvement	of	the	visceral	pleura	

	

 

T2	 Invasion	of	tumour	into	the	underlying	lung	or	involvement	of	the		
diaphragmatic	muscle	

	

 

T3	 Locally	advanced	but	potentially	resectable	tumour	 	

 Invasion	of	tumour	into	endothoracic	fascia	or	mediastinal	fat	 	

 Solitary	focus	of	tumour	invading	chest	wall	 	

 Non-transmural	pericardial	involvement	 	
T4	 Locally	advanced,	technically	unresectable	tumour	 	

 Diffuse	or	multi-focal	chest	wall	involvement,	with	or	without	rib	destruction	 	
 Trans-diaphragmatic	extension	of	tumour	into	peritoneum	 	
 Extension	of	tumour	to	the	contralateral	pleura,	spine	or	one	or	more		

mediastinal	organs,	including	transmural	pericardial	involvement,	with	or	without	
pericardial	effusion,	or	tumour	involving	the	myocardium	

	
  
  
Regional	Lymph	Nodes	(N)	 	      

Nx	 Not	assessable	 	

N0	 No	regional	lymph	node	metastases	 	

N1	 Ipsilateral	intrapulmonary,	hilar	or	mediastinal	lymph	node	metastases,	including		
ipsilateral	internal	mammary	or	para-cardiac	lymph	nodes	

	

 

N2	 Contralateral	intrapulmonary,	hilar	or	mediastinal	lymph	node	metastases,	or	any	
(ipsilateral	or	contralateral)	supraclavicular	lymph	node	metastases	

	
 

Distant	Metastasis	(M)	 	      

MX	 Not	assessable	 	
M0	 No	distant	metastasis	 	
M1	 Distant	metastasis	present	 	
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1.11.1 CT  

Despite its widespread use in clinical practice for the detection of pleural 

malignancy and MPM, CT performs poorly as a staging tool in comparison to 

alternative imaging techniques such as PET-CT and MRI.  

CT features that suggest disease is not technically resectable include: invasion of 

extrapleural fat, infiltration or displacement of ribs by tumour, bony destruction 

and invasion or tumour encasement of the diaphragm. (110) However, CT has 

limitations in the assessment of infiltration of the chest wall and diaphragm, 

(129,130) with one study reporting 75% of cases with chest wall infiltration 

precluding surgical resection not being identified on preceding CT imaging. (131) 

The sensitivity of CT for nodal metastases has previously been reported as 56% 

with a specificity of 39% (95% confidence intervals not reported). (130) This is 

insufficient, particularly given the significant survival differences between 

patients with N0 versus N1 and N2 disease (HR 1.26, p=0.0071 and HR 1.40, p 

<0.0001 respectively). (125) Distant metastases, including pulmonary metastases 

can be identified on CT (132) However, previous studies have demonstrated 

frequent up-staging of disease following further evaluation with PET-CT. One 

study reported up-staging in 37% of patients who underwent CT and PET-CT, 

with 77% of cases reflecting distant metastases identified on PET-CT that were 

not identified on CT. (133) 

 

Volumetric assessment of tumour burden has previously been studied utilising CT 

for prognostic and treatment response purposes. Pass et al assessed pre-

operative tumour volumes in 48 MPM patients undergoing extrapleural 

pneumonectomy or pleurectomy/decortication. They reported a significant 

difference in survival based on pre-operative CT-based tumour volumes. Patients 

with tumour volumes <100cm3 had a median overall survival of 22 months, 

compared to 9 months in patients with tumour volumes >100cm3. In addition, 

progressively higher post-operative IMIG stage was associated with higher 

median pre-operative CT tumour volume in this study. (134) Similarly, Gill et al 

retrospectively measured pre-operative CT-based tumour volume in 88 patients 

with epithelioid MPM undergoing extrapleural pneumonectomy. The median 
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tumour volume was 319cm3 in this study and increasing tumour volume was 

associated with worse survival (tumour volume ≤500cm3 had a median overall 

survival of 24.4 months versus a median overall survival of 12 months for tumour 

volume >500cm3). (135) While CT volumetry appears to be a promising technique 

of assessing tumour burden, its application in clinical practice is currently still 

limited, principally due to the time consuming nature of free-hand volumetric 

measurements. Studies have utilised a semi-automated method of measuring 

tumour volume to overcome this, based on differential Hounsfield Units (HU). 

(136) (137) (138) However, MPM is morphologically complex, with an unusual 

growth pattern and delineation of pleural tumour from adjacent structures, such 

as intercostal muscle and pleural fluid, with a similar density represents a 

significant challenge in this regard. 

 

1.11.2 PET-CT 

Based on prior data, integrated PET-CT should be utilised rather than isolated 

PET since the sensitivity of the latter for N2 disease has previously been 

reported as 11% in patients undergoing surgical resection with lymph node 

dissection, whereas the sensitivity and specificity of integrated PET-CT for 

predicting N2 disease has been reported as 60% and 80% respectively. (139) 

Plathow et al assessed the accuracy of CT, PET-CT and MRI for the selection of 

patients with potentially-operable disease (earlier than Stage III) by acquiring all 

scans prior to surgery in 54 patients (52 of whom subsequently underwent 

surgery). They concluded that PET-CT offered the highest diagnostic accuracy, 

for example in stage III disease, diagnostic accuracy rates for CT, MRI and PET-

CT were 75% (sensitivity 75%, specificity 100%), 90% (sensitivity 91%, specificity 

100%) and 100% (sensitivity 100%, specificity 100%), respectively. (140) This 

performance largely reflected better detection of nodal and extra-thoracic 

metastases. However, PET-CT has been shown to underestimate T staging in up 

to 29% of patients in previous studies, largely due to under-identification of 

chest wall and diaphragmatic invasion. (141) PET-CT provided accurate T staging 

in only 14/24 (63%) of patients in comparison to pathological staging in patients 

enrolled in a single-centre, prospective feasibility study of EPP followed by 

intensity-modulated radiation therapy. (141) In one other small study, 24% (n=7) 

of patients had extra-thoracic metastases demonstrated on PET-CT not 
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Appendix 3 DIAPHRAGM invitation letter to Clydeside 

Action on Asbestos members 
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Appendix 4 Asbestos-exposed Control Cohort Patient 

Information Sheet 

 



273 
 

 



274 
 

 



275 
 

 

Appendix 5 MRI Substudy Patient Information Sheet 
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Appendix 6 Baseline Information Case Report Form 
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Appendix 7 MPM Follow-up Visit Case Report Form 



288 
 

 



289 
 

 



290 
 

 



291 
 

 

Appendix 8 MPM Long-term Follow-up Case Report Form 
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Appendix 9 Diagnostic Review Case Report Form 
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Appendix 10 Asbestos-exposed Control Case Report Form 
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Appendix 11 Asbestos Exposure Questionnaire 
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Appendix 12 MRI Safety Questionnaire 

 

 

    Clinical	Research	Imaging	Facility	
MRI	Safety	Checklist	-	PATIENTS  

 
Patient	Name:	 	 	 	 	 Date	of	Birth:	 	 	 						Date	of	Scan:	
	
Address:		 	 	 	 	 Investigator:	 	 							 						Study	ID:	 	 	
	
	
	 	 	
CHI:		 	 	 	 	 	 Weight:	 	 	 					 					Height:	
	
Have	you	ever:	
Had	a	cardiac	pacemaker?																
Had	any	surgery	to	your	heart?								

• If	yes,	give	details……………………………………………….……………………………………………………………………………………..	
Had	any	surgery	on	your	head,	brain	or	eyes?		 																																													

• If	yes,	give	details……………………………………………….……………………………………………………………………………………..	
Had	any	surgery	involving	the	use	of	metal	implants,	plates,	or	clips?	

• If	yes,	give	details……………………………………………….……………………………………………………………………………………..	
Had	any	surgery	involving	the	use	of	electronic,	mechanical	or	magnetic	implants?	

• If	yes,	give	details……………………………………………….……………………………………………………………………………………..	
Had	any	other	surgery?	

• If	yes,	give	details……………………………………………………………………………………………………………………………………….	
Had	metal	fragments	in	your	eyes	or	any	other	part	of	the	body?														
																			
Do	you:	
Have	any	kidney	problems,	kidney	failure	or	ever	had	dialysis?	
Have	asthma,	eczema,	hayfever	or	any	known	allergies?	
Have	metal	dentures/dental	plate,	hearing	aid	or	wig?	
Wear	a	false	limb,	calliper	or	brace?	 	 	
Have	any	tattoos,	permanent	makeup	or	body	piercing?																				
Wear	any	type	of	skin	patch?		 	
	
Ladies:	
Could	you	be	pregnant?																																																																																																																																

• LMP	date:	……………………………………….	
Are	you	breast	feeding?								
Have	you	been	sterilised	or	have	an	IUD	fitted?		
	

	 																																		
YES	 NO		
YES	 NO		
	
YES	 NO		
	
YES	 NO		
	
YES	 NO		
	
YES	 NO		
	
YES	 NO		
	
	
YES	 NO		
YES	 NO		
YES	 NO		
YES	 NO		
YES	 NO	
YES	 NO	
	
YES										NO	
	
	
YES	 NO		
YES	 NO	

Before	entry	into	the	examination	room	all	metallic	objects	must	be	removed:		Metal	tools,	scissors,	keys,	watches,	pagers,	
credit	cards,	coins,	hair	clips,	hearing	aid	etc.	Have	all	objects	been	removed?	 																	 	 																																																																																		 

 

I	confirm	that	the	answers	to	the	above	safety	questions	are	correct	and	I	will	accept	a	contrast	agent	injection	if	required.	
	
Signature	of	patient	 __________________________															Date	___/___/___	
 

 
Signature	of	Authorised	Scanning	Staff	Member		
	
Refer	to	supervising	doctor	that	a	patient	is	safe	to	image	if:	

• An	implant	or	operation	is	not	included	in	safety	literature			 	
	

The	supervising	doctor	should	sign	here	if	they	now	
consider	the	scan	to	be	completely	safe.	

MRI	Drug	and	Contrast	Administration	Record	
	
 
 
 
 
 
 

eGFR												_____________	
	
Date	of	eGFR	____________																																																													If	eGFR	<59ml/min	consult	Supervising	Doctor	
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