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Abstract
Malignant pleural mesothelioma (PM) is the most common primary tumour of the pleura. Accurate staging is essential for treatment selection 
and prognostication. The 9th edition of the TNM classification introduces validated, imaging-based updates to tumour (T), node (N), and metasta
sis (M) staging. This article explores the scientific rationale and clinical utility of TNM 9, with a focus on imaging techniques, automated tumour 
volume assessment, and future developments in imaging and artificial intelligence.

Introduction
Pleural mesothelioma (PM) is the most common primary tu
mour of the pleura. Although PM cases in the UK appear to be 
starting to fall, it still represents a significant disease burden, 
with over 2200 deaths per year.1 Given that most patients are 
not surgical candidates, imaging plays a vital role in staging 
and guiding treatment. This review explores recent revisions to 
the staging system, particularly the 9th edition of the TNM 
classification (TNM 9),2 and discusses the roles of CT, MRI, 
PET, and artificial intelligence in accurate disease evaluation.

Staging of pleural mesothelioma with imaging
Staging PM is challenging due to its diffuse, rind-like growth. 
Traditional size-based criteria are ineffective. Assessment of 
T stage was adapted from surgical staging and was based on 
local tumour invasion, rather than tumour size, as often 
tumour is resected piece meal at surgery. This is prone to in
tra- and interobserver variation, with variable prognostic 
accuracy.3-5 PM thickness measurements were first collected 
systematically in the database used to develop the 8th edition 
of the TNM classification system (TNM 8)6,7 and suggested 
prognostic significance. TNM 92 builds on this by refining 
imaging-based measurements and validating them across 
large international cohorts. Although still biased towards 
patients undergoing surgery with palliative and curative in
tent (31.9% and 36.4%, respectively), the TNM 9 database 
contains the largest proportion of patients treated non- 
surgically, with a better geographical distribution.

Primary tumour (T) classification
Tumour volume has been found to predict survival and time 
to recurrence in both surgical and non-surgical patients,5,7-11

confirming the need for a size descriptor for the T category 
(Table 1). However, there is neither standardization nor the 
ability of many institutions to measure PM volume on imag
ing. A simple approach that has potential for widespread 
adoption is needed. Unidimensional pleural thickness meas
urements were initially explored during the 8th edition revi
sion12 and found to be promising. They are also established 
parameters in the Revised Modified Response Evaluation 
Criteria in Solid Tumours for Assessment of Response in 
Malignant Pleural Mesothelioma (Version 1.1).13

Gill et al14 analysed worldwide data based on 3598 
patients (2013-2022) with pathologically proven PM. Only 
data from CT measurements were analysed, as it is the mo
dality most frequently used to assess the pleura and is widely 
available. The thorax was divided into 3 portions craniocau
dally: lung apex to top of aortic arch (upper), top of aortic 
arch to the top of left atrium (middle), and below the top of 
the left atrium (lower). Maximum pleural thickness measure
ments at the upper (p1max), middle (p2max), and lower 
(p3max) hemithorax were then added together to create a 
Psum measurement. Fissural thickness (Fmax) was also mea
sured perpendicular to the fissures and measurements of 
maximum diaphragmatic pleural thickness (Dmax) were 
also recorded.

A total of 1965 patients were evaluated for clinical staging 
and 457 for pathological staging of pleural mesothelioma, 
predominantly from Asia, Europe, and North America. CT- 
derived pleural thickness (Psum) was available in 1790 
patients, averaging 45.5 mm. Diaphragmatic thickness 
(Dmax) and fissural thickness (Fmax) were measured in 889 
and 877 patients, respectively, with averages of 11.3 and 
9.6 mm. Analysis of clinical T (cT) data showed that both 
Psum and anatomical tumour involvement were critical in de
fining T categories that correlate with overall survival (OS). 
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Patients classified as T1 but with Fmax >5 mm had OS simi
lar to 8th edition T2 cases, highlighting fissural involvement 
as an independent adverse prognostic marker.

The TNM 8 descriptors of non-transmural diaphragmatic 
invasion (cT2), lung parenchymal invasion (cT2), and endo
thoracic fascia invasion (cT3), were found unreliable on CT7

and were removed. This led to no distinction under previous 
criteria between T1, T2, and T3 tumours (staged solely by 
endothoracic fascia invasion). However, TNM 8 T4 descrip
tors (deep pericardial or trans-diaphragmatic invasion, 
mediastinal or diffuse chest wall invasion) were strongly asso
ciated with poor prognosis irrespective of Psum and were 
retained in TNM 9.

TNM 9 defines T1 as Psum <12 mm, T2 as >12 and 
<30 mm, and T3 as ≥31 mm, with median OS of 49.8, 27.5, 
and 21.1 months, respectively. T4 tumours had a median OS 
of 12.6 months. TNM 9's cT classification demonstrated im
proved prognostic stratification over TNM 8. Due to limita
tions in pathological orientation of surgical specimens, most 
qualitative pathological T (pT) descriptors were retained from 
TNM 8, except fissural involvement, now reclassified as T2 
(Table 1). Figures 1-4 show examples of the different T stages.

N (nodal) classification
The lymphatic drainage of the visceral pleura mirrors that of 
the lung but parietal pleural lymphatic drainage is different 

and can be thought of as an envelope of nodes surrounding 
the pleura (Table 2).15 There is free communication of lym
phatics above and below the diaphragm and, as PM com
monly involves the diaphragmatic pleural surface, a thorough 
search for peridiaphragmatic, posterior mediastinal, retrocru
ral and gastrohepatic nodes should also be undertaken. Bill�e 
et al16 evaluated lymph node classifications in PM based on 
data from an international cohort of 2836 patients and found 
no significant survival difference between patients with single 
versus multiple N1 nodal stations or between those with 
varying numbers of involved nodes, leading to the decision to 
retain a simplified N classification in TNM 9. The authors 
recommend maintaining the current categories (N1 and N2) 
without further sub-classification, as this structure remains 
clinically relevant and supported by outcome data (Figure 5).

Distant metastases (M) classification
In the TNM 9 revision, data from 3221 pleural mesothelioma 
patients, including 228 with metastatic disease at diagnosis, 
represent the largest cohort with detailed metastasis docu
mentation.17 Patients with metastases had significantly 
poorer median OS (10.5 vs. 21.5 months) and lower 1-year 
survival rates (46% vs. 71%) compared to non-metastatic 
patients. Among 158 cases with detailed organ involvement, 
no significant survival differences were found between single 
versus multiple organ metastases or between intrathoracic 

Table 1. 9th edition T classification.

Category Clinical T (cT) Pathological T (pT)

Tx Tumour cannot be assessed Tumour cannot be assessed
T0 No tumour is present No tumour is present
T1 Tumour limited to the ipsilateral pleura with Psum ≤12 mm with no 

involvement of the fissure (Fmax ≤5 mm) 
Tumour limited to the ipsilateral pleura with no in
volvement of the fissure

T2 Tumour involving the ipsilateral pleura with Psum ≤12 mm and with 
any of the following: 
� Involvement of the fissure (Fmax >5 mm) 
� Mediastinal fat invasion 
� Solitary area of chest wall soft tissue invasion 

Or: 
Tumour involving the ipsilateral pleura with Psum >12 mm but 
≤30 mm, with or without: 
� Involvement of the fissure (Fmax >5 mm) 
� Mediastinal fat invasion 
� Solitary area of chest wall soft tissue invasion 

Tumour involving the ipsilateral pleura and with 
any of the following:
� Involvement of the fissure 
� Ipsilateral lung parenchyma invasion 
� Diaphragm (non-transmural) invasion 

T3 Tumour involving the ipsilateral pleura with Psum >30 mm, with 
or without:
� Involvement of the fissure (Fmax> 5mm) 
� Mediastinal fat invasion 
� Solitary area of chest wall soft tissue invasion 

Tumour limited to the ipsilateral pleura (with or 
without fissure involvement) and with invasion of 
any of the following:
� Mediastinal fat 
� Surface of pericardium 
� Endothoracic fascia 
� Solitary area of chest wall soft tissue 

T4 Tumour with invasion of any of the following (any Psum):
� Chest wall bony invasion (rib) 
� Mediastinal organs (heart, spine, oesophagus, trachea, great vessels) 
� Diffuse chest wall invasion 
� Direct tumour extension through the diaphragm or pericardium 
� Direct extension to the contralateral pleura 
� Presence of malignant pericardial effusion 

Tumour with invasion of any of the following:
� Chest wall bony invasion (rib) 
� Mediastinal organs (heart, spine oesophagus, 

trachea, great vessels) 
� Diffuse chest wall invasion 
� Transmural invasion of the diaphragm or 

pericardium 
� Direct extension to the contralateral pleura 
� Presence of malignant pericardial effusion 

Psum ¼ pmax1þ pmax2þ pmax3 (sum of 3 measurements of maximal pleural thickness measured on axial images along the chest wall or mediastinum in 
each of the 3 divisions of the chest—upper, middle, and lower divided by 2 lines; 1 at the top of the aortic arch and the second drawn at the top of the left 
atrium). It has not been specified whether measurements should be rounded before adding together to calculate the Psum. Fmax ¼ maximal thickness of 
pleural tumour along the fissures measured on sagittal images.
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and distant metastatic sites. Due to the lack of prognostic 
distinction, the M classification remains binary: M0 for no 
metastases and M1 for metastatic disease.

Stage groups
Nowak et al18 analysed data from 2192 patients for clinical 
staging and 445 for pathological staging to propose updated 
stage groupings TNM 9. The study recommends combining 
stages IA and IB into a single stage I and reclassifying 
T2N0M0 as stage II to better reflect survival differences. All 
T3 (N0-2) M0 tumours are now classified as stage IIIA. All 
T4 (N0-2) M0 tumours are still classified as stage IIIB. 
Although the difference in OS between clinical stages IIIB 
and IV did not meet statistical significance, a decision was 
made to limit clinical stage IV to patients presenting with M1 
disease, thereby maintaining the convention for cTNM classi
fication (Table 3).

Determining resectability
The role of surgery in treating PM remains uncertain. The 
MesoVATS trial19 found that VATS partial pleurectomy 
(VATS-PP) offered no survival benefit compared to talc pleu
rodesis, which was preferred due to fewer complications and 
shorter hospital stays. The MARS 2 trial20 compared ex
tended pleurectomy-decortication plus chemotherapy with 

chemotherapy alone, showing longer survival and better 
quality of life in the non-surgical group. However, its inclu
sion of poor prognosis patients limits broad applicability, 
though its findings have led to reduced radical surgery use. 
Multifocal chest wall invasion, involvement of critical medi
astinal structures, contralateral nodal or pleural metastases, 
lung or extra-thoracic metastases, and, in some cases, full- 
thickness diaphragmatic invasion are contraindications to 
pleurectomy. Radiologists must understand resectability cri
teria and the strengths and weaknesses of imaging modalities. 
American and European guidelines emphasize a multidiscipli
nary approach to preoperative planning, with European 
recommendations highlighting MRI alongside CT for im
proved assessment.21,22

Optimizing the accuracy of staging with  
imaging
Current utility of CT
CT is the primary modality for PM diagnosis, staging, and 
therapy response assessment in routine practice and clinical 
trials worldwide. However, it has limited contrast resolution 
and may struggle to differentiate malignant pleural disease 
from complex fluid or adjacent normal tissues such as atelec
tatic lung, diaphragm, or chest wall musculature.23 This has 

Figure 1. T1 tumour. A-D. T1 epithelioid mesothelioma, diagnosed via thoracoscopy. There is a small right pleural effusion, with minimal, subtly irregular 
pleural thickening extending onto the mediastinal surface. The images show P1max measurement in the upper zone (A), P2 max measurement in the 
mid zone (B), P3 max measurement in the right lower zone (C) and an Fmax measurement of <5 mm, with the subtle fissural nodularity only visible on 
lung windows (D), with a Psum measurement <12 mm. P measurements are obtained by measuring the maximal pleural thickness in each zone, 
perpendicular to the curvature of the pleural surface.
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Figure 2. T2 tumour. A-D. T2 epithelioid mesothelioma, diagnosed via thoracoscopy. There is a large right pleural effusion, with irregular circumferential 
pleural thickening. The images show P1max measurement in the upper zone (A), P2 max measurement in the mid zone (B), P3 max measurement in the 
right lower zone (C) with a Psum measurement between 13 and 30 mm. The Fmax measurement is <5 mm.

Figure 3. T3 tumour. A-C. T2 epithelioid mesothelioma, diagnosed via ultrasound guided pleural biopsy. There is a large left pleural effusion, with irregular 
circumferential pleural thickening. The images show P1max measurement in the upper zone (A), P2 max measurement in the mid zone (B), P3 max 
measurement in the right lower zone (C) with a Psum measurement >30 mm. Fissural tumour cannot be assessed due to the significant lung collapse. 
B, Invasion into the mediastinal fat (white arrow), another T3 descriptor.
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contributed to perception errors and poor inter-observer vari
ation.4,24 Detection of early-stage PM with CT can also be 
challenging because macroscopic pleural nodules are fre
quently absent and pleural effusion may be the only visible 
feature, thus the low sensitivity (60%-65%) of contrast- 
enhanced CT in this setting.25,26

Accurately identifying transdiaphragmatic, transpericardial 
and chest wall invasion is challenging on CT, even with the 
use of multi-planar reformats.27 CT often underestimates 
pathological stage.4,7 When comparing surgical staging with 
CT staging (according to the International Union Against 
Cancer 7th edition of the TNM classification of malignant 
tumours), Rusch et al3 showed that up to 80% of MPM 
patients with stage I and II disease and 23% of patients with 
stage III disease were upstaged at surgery.

Current utility of MRI
PM is typically intermediate in signal intensity relative to 
musculature on T1- and T2-weighted imaging and avidly 
enhances, allowing distinction from the chest wall, dia
phragm and pericardium, which are usually uniformly low in 
signal intensity on T1- and T2-weighted images. The primary 
value of MRI is to establish whether there is diaphragm, chest 
wall, or mediastinal invasion, in patients who are potential 
surgical candidates. MRI has a high sensitivity and specificity 
and sensitivity for detection of transdiaphragmatic spread,28

allowing differentiation between T3 (potentially resectable) 
and T4 (unresectable) disease.29 Mediastinal invasion, includ
ing pericardial invasion, can be confirmed as foci of tumour 
tethering on cine imaging. Other indications for MRI include 
characterization of equivocal adrenal lesions and of potential 
neural foraminal, epidural, or brachial plexus involvement.

MRI is susceptible to artefacts from respiratory or cardiac 
motion and susceptibility artefact from air interfaces in the 

Figure 4. T4 tumour. A-C. Examples of T4 mesothelioma. There is transdiaphragmatic tumour spread, with tumour distorting the contour of the left 
hemidiaphragm and obliterating the fat between diaphragm and spleen, which is often better appreciated on sagittal or coronal reformats (A). A right 
sided mesothelioma is invading the lateral 6th and 7th ribs (B). A right-sided mesothelioma is infiltrating the right diaphragmatic crus (which is nodular in 
contour), encircles the oesphagus and extends into the left hemithorax to involve the left diaphragmatic crus (C).

Table 3. Stage groups.

N0 N1 N2

T1 I II IIIA
T2 II IIIA IIIA
T3 IIIA IIIA IIIA
T4 IIIB IIIB IIIB
M1 IV IV IV

Table 2. 9th edition N classification.

Category Clinical N (cN) and pathological N (pN) descriptors

Nx Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Metastases to ipsilateral intrathoracic lymph nodes 

(includes ipsilateral bronchopulmonary, hilar, subcarinal, 
paratracheal, aortopulmonary, para-esophageal, peri
diaphragmatic, pericardial fat pad, intercostal, and 
internal mammary nodes)

N2 Metastases to contralateral lymph nodes. Metastases to 
ipsilateral or contralateral supraclavicular lymph nodes

Figure 5. Nodal disease. T4 N2 M1 left mesothelioma. There is diffuse 
posterior chest wall invasion, with associated rib destruction. There are 
enlarged ipsi- and contralateral mediastinal nodes, ipsilateral internal 
mammary nodes and contralateral posterior intercostal nodes. Although 
axillary nodes are anatomically adjacent to the pleural space and involved 
in the drainage of the chest wall, they are not currently considered part of 
the nodal staging in TNM 9 for mesothelioma and should be viewed as 
M1 disease.
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lung. Imaging obtained on both 1.5 T and 3 T magnets pro
vide diagnostic-quality images. Diffusion-weighted imaging 
(DWI), measures molecular diffusion in biological tissues and 
is affected by tissue architecture and has been found to be 
promising in identification of local tumour invasion, the lat
ter of which may be aided by using high b-value images30

(pleural pointillism).

Optimum timing post contrast
The pleura enhances more avidly in the venous rather than 
arterial phases31 (Figure 6). However, PM is often still poorly 
visualized in the venous phase, which may be due to admixed 
pleural fibrosis.32 In a small prospective observational study 
of 15 treatment-naive patients with pathologically proven 

PM at least 10 mm in thickness, Patel et al33 showed maximal 
enhancement at a time delay of 230-300 s from contrast injec
tion to scan acquisition, with maximal differential enhancement 
of tumour and muscle at approximately 240-260 seconds. 
Radiologists subjectively preferred a 240 seconds delay for opti
mal tumour visualization. Optimizing tumour enhancement 
may improve staging with CT and also lead to better perfor
mance of semi-automated and automated segmentation tools 
that are in use and under development (Figure 7).

Similar tumour enhancement kinetics have been demon
strated with contrast-enhanced MRI.34-36 Contrast-enhanced 
MRI with fat suppression has been shown to be superior to 
CT in the identification of chest wall, transdiaphragmatic, 
endothoracic fascial and bone invasion,28,29,37,38 with higher 

Figure 6. Arterial (left) and venous (right) phase images. The pleural enhancement is much more easily appreciated in the venous phase.

Figure 7. Left-sided mesothelioma, diagnosed via CT-guided pleural biopsy. The planning CT (left) was obtained in the venous phase. The right hand 
image shows the first image as part of the biopsy, at approximately 5 minutes after contrast. The pleural has continued to enhance.
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inter-observer agreement36,39 resulting in less understaging 
(Figure 8). Perfusion MRI and detection of early contrast 
enhancement has shown superior performance to contrast- 
enhanced CT (sensitivity 92% vs. 56% for CT) in 58 patients 
(84% of whom had pleural thickening <10 mm), a known lim
itation of CT.40 However, clinical deployment is not feasible 
due to time-consuming manual post-processing requirements.

Current utility of PET-CT
The 2-deoxy-2-[18F]fluoro-D-glucose (FDG) PET-CT con
tributes little to local T staging above contrast enhanced 
CT.41 The main strength of FDG PET-CT in PM clinical stag
ing is in its ability to detect occult metastases in up to 24% of 
patients,42-46 and this forms an evidence-based indication for 
PET-CT in the UK.47 Although metabolic behaviour of PM 
does not feature in current TNM staging, metabolic activity 
and metabolic tumour volume may have prognostic 
implications.48,49

Talc pleurodesis incites an FDG-avid inflammatory reac
tion in the pleura that can persist indefinitely. Although talc 
pleurodesis does not preclude FDG-PET-CT imaging of 
patients with PM, the resulting increased FDG avidity can be 
indistinguishable from tumour, potentially confounding tu
mour assessment.49,50 Radiotherapy to the pleura, chest wall, 
or bone incites inflammation and subsequent intense FDG 
avidity, which can be a confounder in image interpretation 
and assessment of therapy response.

Current recommendations for imaging pleural 
mesothelioma
The International Mesothelioma Interest Group (IMIG) is
sued recommendations in 2023 for imaging PM.51 For CT, 
the panel advised scanning the chest and upper abdomen to 
ensure adequate coverage of the pleural space, diaphragm, 
and lymph nodes. A portal venous phase acquisition was rec
ommended, with an optional delayed phase at 2-4 minutes, 
although optimal timing is yet to be determined. Images 
should be reconstructed in 3 orthogonal planes with 1-2 mm 
slice thickness axially and 1-3 mm coronally/sagittally, using 

both soft tissue and sharp kernels to assess lung and bone in
vasion. The entire chest wall soft tissues must be included in 
the field of view.

For MRI, large body coils should be positioned to encom
pass the diaphragm and posterior costophrenic recess, down 
to L3 and the full chest wall. Phase encoding should be ante
rior to posterior to reduce artefacts near the chest wall and 
diaphragm. Parallel imaging can be useful for patients with 
breathlessness or when assessing the pericardium. Essential 
sequences include 3-plane localizer, axial T1, axial/coronal 
T2, gradient echo, and fat-suppressed pre- and post-contrast 
images in 3 orthogonal planes. Dynamic post-contrast axial, 
sagittal, and coronal imaging is strongly recommended to 
assess diaphragmatic invasion, with slice thickness generally 
4-6 mm. Imaging post-contrast should be acquired at 
2-5 minutes, then every 1-2 minutes, depending on the con
trast agent. Additional free-breathing coronal T2-weighted 
images, coronal short tau inversion recovery, and diffusion- 
weighted imaging (DWI) may be considered (b-values: 800- 
1000) for detection of local tumour invasion.

For PET-CT, non-attenuation-corrected images were iden
tified as particularly useful for detecting chest wall invasion. 
Requests should specify whether talc pleurodesis has been 
performed. To mitigate post-treatment FDG avidity, imaging 
should be delayed 6-8 weeks post-surgery and 8-12 weeks 
post-radiotherapy.

The panel recommended saving images of any measure
ments obtained, as they are subject to higher inter-observer 
variation than most other tumour sites.52

Future directions
Photon counting CT
The advent of the photon-counting detector CT (PCD-CT) 
offers potential improvements and more accurate staging of 
mesothelioma by overcoming current imaging limitations. 
The dual-source PCD-CT (NAEOTOM Alpha, Siemens 
Healthineers, Forchheim, Germany) has inherent standard 
resolution of 144 detector rows and each with 0.4 mm slice 

Figure 8. A-C. T1W axial (A), T1 fat saturated axial post-gadolinium (B) and contrast enhanced axial CT (C) images in a patient with a right sided 
mesothelioma. The chest wall invasion is better appreciated on the MR images and only seen as subtle loss of fat planes on contrast-enhanced CT.
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thickness, and capable of ultra-high resolution (UHR) scan of 
thinner collimation, which consisted of 120 detector rows 
with 0.2 mm slice thickness.53,54 Thoracic imaging with high 
spatial resolution has shown improved depiction of anatomi
cal structures, lung nodules and identification of fine traction 
bronchiectasis and reticulation in interstitial lung disease 
compared to the conventional energy integrating scintillation 
detectors (EIDs) CT scanner.55,56 The image quality in terms 
of signal to noise ratio (SNR) could be further optimized with 
specific reconstructive kernels.57 The high spatial resolution 
combined with better SNR would provide more accurate as
sessment of the maximum pleural thickness measurements 
compared to conventional EIDs scanners. In addition, 
PCD-CT directly converts incident X-ray photon into electri
cal impulse, which allows spectral separation of the photons 
proportional to their pulse amplitude into respective energy 
bins.53,54 Spectral analysis at the ideal photon energy (kiloe
lectronvolt, keV) of specific energy bins could allow identifi
cation of structures of interest.53,54,56 Recent phantom study 
has shown that spectral imaging is an useful tool in the differ
entiation of empyema and non-infected pleura.58 The poten
tial of PCD-CT with improved contrast resolution and 
spectral analysis could help to differentiate malignant pleural 
disease from adjacent tissue such as the chest wall, dia
phragm, and pericardial invasion (Figure 9). No current pub
lished literature investigates the clinical impact of PCD-CT in 
mesothelioma imaging. Further research of PCD-CT with 
paired imaging correlation with MRI study and subsequent 
surgical specimen and pathological staging would yield inter
esting and confirmation data in the area of mesothelioma di
agnosis and staging.

PET-MRI
Murphy et al59 assessed PET-MRI and PET-CT staging accu
racy for PM using the TNM 7 staging system. PET-MRI was 
concordant with surgical staging in 6 of 9 cases, outperform
ing PET-CT, which matched in only 3 of 9 cases. PET-MRI 
also showed superior accuracy in T staging, aligning with 
pathological T stage in 7 of 9 cases, compared to 3 of 9 for 

PET-CT. Both modalities were equivalent in N staging, with 
concordance in 7 of 9 cases. The study noted apparent mis
match between FDG uptake and diffusion restriction in areas 
of talc deposition, suggesting a potential method to differenti
ate talc from tumour-related FDG avidity. Advances in free- 
breathing ultrashort echo time MRI sequences significantly 
improve imaging quality and spatial resolution over tradi
tional dual echo gradient imaging, improving the visibility of 
pulmonary and pleural nodules in PET-MRI.60

Automated tumour segmentation
Prior to TNM 9, tumour size was not included in PM staging. 
Due to its rind-like circumferential growth pattern, tumour 
depth as a surrogate for volume, is less accurate,61 especially 
in small-volume disease, where observer variability for lesion 
measurement can reach 20% at sites under 7 mm in thick
ness.52 Additionally, pleural surface assessment is influenced 
by respiratory motion and patient positioning, which can 
lead to significant interobserver variability in measure
ment.52,62,63 In addition, radiation-induced lung injury and 
pleural effusions can impair the accurate measurement of 
pleural tumour deposits. Studies have shown a correlation 
between tumour volume on CT and overall survival, empha
sizing the importance of accurate measurements.4,5,8,64 Semi- 
automated methods of volume measurement use manual 
contouring every few axial slices and interpolation to seg
ment tumours, but these remain too time-consuming for rou
tine clinical use.24,65

Deep convolutional neural networks (CNNs) are one 
method of classifying and segmenting lesions and other anat
omy in medical images. Convolution focuses on small, local 
parts of an image, which helps to recognize patterns even if 
they change slightly, making them reliable and efficient for 
many image-related tasks. However, because they only look 
at small areas at a time, they struggle to understand relation
ships between distant parts of the image. CNN filters (which 
are “lookout” tools that scan images) use fixed settings or 
weights when analysing new images. These settings remain 
unchanged, irrespective of the specific image or situation. 
This rigid approach makes it harder for the network to adjust 
and accurately interpret the differences in medical images, 
where there can be a lot of variation due to different body 
types, diseases, or conditions. Transformers66 were first used 
to help computers understand human language. Vision 
Transformers (ViTs)67 use similar principles, adapted for im
age interpretation. Unlike CNNs, which can miss the big pic
ture, ViTs break images into small patches and look at them 
as a sequence. This allows them to notice patterns and rela
tionships across the whole image, not just in small parts. 
Both types of model have made substantial progress in vari
ous medical image tasks, including image classification, re
gion of interest (ROI) detection and image segmentation.68-71

The CNN-based U-Net model72 is one of the most important 
early models. It utilizes an encoder (to learn the important 
features of an image) and a decoder (to reconstruct the identi
fied important features back to the original image resolution). 
To keep small details clear, the model includes skip connec
tions, which are shortcut links between matching layers in 
the 2 parts. Subsequent models have improved this approach 
using various techniques, such as residual connections (which 
help the model learn better),73 3D convolutional blocks,74

and squeeze-and-excitation blocks (which helps the model fo
cus on the most important features).75 When using ViTs 

Figure 9. Energy integrating scintillation detectors (EIDs) CT (A) and 
photon-counting detector CT (PCD-CT) image (B). The left lateral pleural 
nodule is better appreciated on the PCD-CT image.
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instead of CNNs in this kind of model, they still follow the 
same overall U-shape. The difference is that parts of the 
model—the encoder, decoder, or both—are made using 
transformer blocks instead of the original CNN parts.

To help address the issue of data scarcity for training deep 
CNNs, researchers have investigated the use of convolutional 
layers pretrained on large natural image datasets, such as 
ImageNet76-78 to initialize deep CNNs applied to clinical 
tasks through a process called “transfer learning.”79 This 
strategy can be used to directly extract feature descriptors of 
medical image regions-of-interest for further classification us
ing a nondeep learning-based machine learning classifier (eg, 
in the classification of benign and malignant lesions) or to ini
tialize the layers of a deep CNN that is subsequently fine- 
tuned for a given clinical task through further training.80,81

These learned representations can then be transferred to the 
downstream task, resulting in improved performance and a 
deeper understanding of the medical data within its context.82

Previous methods of automated segmentation of PM on 
CT scans isolated pleural thickening by segmenting the lungs 
and the rib cage.83 A deep CNN-based segmentation method 
based on U-Net architecture84 has shown superior perfor
mance compared to the non-deep learning-based method on 
an independent test set of CT scans of PM patients with 
radiologist-provided tumour contours. However, there were 
higher levels of disagreement with observer-provided tumour 
contours in patients with pleural effusions.

Gudmundsson et al85 have developed a CNN-based U-Net 
model to make tumour segmentation more accurate and au
tomated in patients with an associated pleural effusion. The 
system was trained using 5230 individual CT scan slices from 
126 patients with unilateral disease, with no evidence of inva
sion into chest wall or other structures (to reduce other 
potential confounders of automated segmentation). Image 
contrast was adjusted by rescaling Hounsfield unit values, 
making tumours more distinguishable. The system was then 
tested on 2 sets of patients, one with both tumour and pleural 
effusion and another general set for comparison. To measure 
performance, results were compared to manual tumour seg
mentation created by 3 expert radiologists. The accuracy was 
determined using the Dice Similarity Coefficient (DSC), a 
metric ranging from 0 (no overlap) to 1 (perfect overlap). The 
AI achieved a median DSC of 0.690, significantly improving 
upon a previous deep learning method.84 Subsequent manual 
segmentation of tumour from fluid (by 5 radiologists on 69 
axial CT sections) demonstrated a mean DSC of 0.712 when 
at least 1 radiologist manually excluded pleural effusion from 
tumour contours, and the mean DSC was 0.757 when none 
of the 5 observers excluded pleural effusion from tumour 
contour. This suggests fluid presence impacts tumour meas
urements, which is important when developing AI-based 
tools. Bland-Altman plots confirmed that the new AI method 
reduced bias and was less likely to overestimate or underesti
mate tumour size compared to earlier versions. The authors 
made no comment on CT technique in the methods, specifi
cally the use of iv contrast and the timing of scan acquisition 
and these promising results need to be validated in a 
larger cohort.

The higher contrast resolution of MRI compared to CT is 
potentially better suited to volumetric analyses. Tsim et al86

prospectively studied tumour volumes of 31 patients 
obtained from CT (portal venous phase only) and MRI 
(T1-weighted, isotropic, contrast-enhanced 3 T perfusion 

imaging) prior to any pleural intervention or treatment. Semi- 
automated MRI volumetry was performed, with manual con
touring every 8-10 slices followed by linear interpolation on 
the intervening slices. Due to poor contrast resolution be
tween tumour and adjacent structures on CT, manual seg
mentation was required,87,88 taking a mean of 151 minutes 
per patient vs. 14 minutes for MRI. Mean MRI volumes were 
23% larger than CT volumes and were independently associ
ated with adverse survival, whereas CT volumes were not 
and were less reproducible. Blyth et al89 have developed a 
fully automated imaging tool to assist in diagnosing PM using 
MRI perfusion analysis. The system evaluates 3 T, T1- 
weighted, fat-saturated, 3D spoiled gradient echo sequences 
before and after intravenous contrast, at multiple time points 
up to 13.5 minutes. Initially, a pleural effusion segmentation 
mask was created, with minimal user input to define a region 
of interest (ROI) for the pleura. This mask was extended to 
enclose the pleura, followed by subtraction of the original ef
fusion volume. Using a dynamic spanning forest algorithm, 
supervoxels with similar signal intensity (SI) were generated, 
connected through time.90 Mean signal intensity of supervox
els were classified as “ECE present” or “ECE absent,” ECE 
being defined as peak SI at or before 4.5 min. At least one 
ECE-positive supervoxel classified the patient as malignant. 
This image-processing tool has the potential to facilitate clini
cal deployment of perfusion MRI as an early diagnostic tool 
for pleural mesothelioma.

Conclusions
PM remains the most common primary tumour of the pleura 
and a cause of significant disease burden worldwide. There 
have been significant changes to the 9th edition of the TNM 
staging manual, requiring a worldwide change in practice 
when staging PM. This accelerates the need for 
effective, easy-to-use automated applications for tumour 
segmentation.
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