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Abstract

Background: Analysis of the International Association for the Study of Lung Cancer (IASLC) Malignant Pleural Mesothelioma (MPM)
database revealed that clinical (cTNM) staging minimally stratified survival and was discrepant with pathological (pTNM) staging.
To improve prognostic classification of MPM, alternative staging models based on quantitative parameters were explored.
Methods: An institutional review board–approved MPM registry was queried to identify patients with available pathological
and preoperative imaging data. Qualifying patients were randomly assigned to training and test sets in a 1:2 ratio. Computed
cTNM and pTNM staging (AJCC Cancer Staging Manual, 7th ed.) were compared. Quantitative image analysis included tumor
volume assessed from three-dimensional reconstruction of computed tomography scans (VolCT) and maximal fissural thick-
ness (Fmax). Survival was estimated using the Kaplan-Meier method, and the relationship with VolCT was examined by Cox
regression analysis to identify optimized cut-points. Performance of cTNM and quantitative models derived was compared in
the test set using Harrell’s C index.
Results: A total of 472 patients met inclusion criteria. TNM staging was concordant with pathological TNM staging in 171 of
472 (36.2%), understaged in 209 (44.2%), and overstaged in 92 (19.4%) patients. The most concordant feature was involvement
of interlobar fissures. A quantitative clinical staging model comprising VolCT and Fmax (c-index ¼ 0.638, 95% confidence
interval [CI] ¼ 0.603 to 0.673) performed statistically significantly better as a prognostic classifier when compared in the test
set with cTNM (c-index ¼ 0.562, 95% CI¼0.525 to 0.599, P ¼ .001).
Conclusions: Improved prognostic performance may be achievable by quantitative clinical staging combining VolCT and
Fmax, providing a cost-effective and clinically relevant surrogate for clinical TNM stage.

Malignant pleural mesothelioma (MPM) is a highly aggressive
malignancy of the pleura most frequently associated with as-
bestos exposure (1).The disease usually develops after a long
latency following asbestos exposure (2). Treatment ranges
from chemotherapy or supportive care for advanced disease
to aggressive surgery-based multimodality regimens for fit
patients with limited disease (3). Histological subtype, lymph
node status, and pathologically determined TNM stage are
prognostic of overall survival (OS) (4–6); however, these prog-
nostic parameters are lacking for patients who either have
not yet undergone, or are not candidates for, surgical
resection.

In the case of most malignant tumors, clinical staging using
noninvasive multimodality imaging is an important means of
predicting pathological stage and prognosis. Clinical stage,
therefore, plays a vital role in patient management and permits
selection or stratification of patients for therapeutic clinical tri-
als. However, clinical TNM staging of patients with MPM is not
prognostic (7) and does not sufficiently stratify patients to de-
termine homogeneous cohorts for enrollment to treatment pro-
tocols. For example, the two largest randomized trials that
established combination platinum antifolate chemotherapy as
standard of care did not include stage among inclusion criteria
(8,9). Challenges to accurate clinical staging include the
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irregular and complex morphology and distribution of MPM
within the affected thoracic cavity, which has made it impracti-
cal to include a T classification criterion based on the size of the
tumor, as is the case for most solid malignancies. For example,
T classification of lung cancer is primarily defined by quantita-
tive determination of tumor diameter (10). By contrast, T classi-
fication of MPM is entirely qualitative, using multiple binary
criteria based on identifying tumor invasion through specific
tissue planes into adjacent structures. Clinical staging of MPM
thus requires the radiologist’s subjective assessment of such in-
vasion, leading to inter- and intra-observer variability and to in-
consistent clinical staging that lacks prognostic accuracy
(7,11,12).

The current study considers two potential quantitative
parameters to augment clinical staging of MPM. Tumor volume
assessed from three-dimensional reconstruction of computed
tomography (CT) scans (VolCT) (12) may represent a practical
measure of tumor size by accommodating its diffuse, irregular
morphology. VolCT has been found to be prognostic of OS in
patients with MPM who undergo surgery and to improve assess-
ment of response to nonsurgical therapy (13–15). The feasibility
of incorporating VolCT into clinical staging of MPM was recently
demonstrated in a North American multi-institutional pilot
study (12). A second potential quantitative parameter, also cor-
related with patient prognosis (16,17), is the maximal thickness
of disease in the interlobar fissures, which can be accurately
measured on CT due to high contrast with the adjacent lung.
Other groups have similarly explored the utility of quantitative
measures such as pleural thickness (18) and diaphragmatic tu-
mor thickness (19) to augment T classification.

We compared the performance of clinical staging using cur-
rent American Joint Committee on Cancer (AJCC) criteria (20) to
that of alternative staging models based on quantitive clinical
assessment, including VolCT and maximal fissural thickening,
among patients who underwent surgery for MPM at a single
center of expertise. Our objective was to identify a model that
could statistically significantly improve the pretreatment prog-
nostic classification of MPM, and thereby provide a surrogate
clinical stage to enhance therapeutic decision-making and sur-
gical planning, predict prognosis of nonsurgical patients, and
support meaningful patient selection for or stratification within
clinical trials.

Methods

Subjects

With approval from the Institutional Review Board, we retro-
spectively reviewed data from the institutional mesothelioma
Patient Data Registry (protocol number 2005p 001520; informed
consent was waived for the registry protocol; however, most of
the patients were consented to a comprehensive specimen col-
lection and data protocol). We audited the records of patients
with MPM who underwent surgery at Brigham and Women’s
Hospital, Boston, Massachusetts, between 2001 and 2014. We
identified patients who had macroscopic complete resection
and an available preoperative (maximum 30 days prior to sur-
gery) computed tomography scan. DICOM format CT imaging
data were obtained along with demographics, laboratory find-
ings, pertinent history, treatment details, pathological findings,
and vital status. The study was compliant with provisions of
the Health Insurance Portability and Accountability Act.

Radiological Assessment

Four hundred seventy-two patients who underwent macroscopi-
cally complete surgical resection (EPP, P/D, and eP/D) (21) and had
diagnostic quality preoperative imaging scans within 30 days
prior to surgery were included in the study. For patients who had
completed neoadjuvant chemotherapy, the scan following the
last cycle was used. Of these, 303 patients (64.1%) underwent CT
scans on the Sensation 64-MDCT scanner (Siemens Medical
Solutions, Erlangen, Germany) with 120 kVp, 0.6 mm collimation,
high-speed mode, a pitch equivalent of a 1.5-slice interval of
5 mm, and reconstructed in a slice thickness of 5 mm.
Intravenous contrast consisting of 55 mL of contrast material
(Ultravist 370 [iopromide], Bayer HealthCare, Berlin, Germany
[formerly Schering]) was administered intravenously to 197
(41.7%) patients at 4 mL/s using an automated power injector.

For the remaining 169 (35.8%) patients, diagnostic quality CT
scans were obtained for anatomic correction as part of an inte-
grated PET-CT study (Discovery ST system, GE Healthcare,
Chicago, USA) using 140 kVp and 75 mA, and reconstructed with
3.75 mm slice thickness at 3.25 mm intervals. No intravenous
contrast was administered. The metabolic information from
PET-CT studies was not considered in the current analysis.

Analysis of CT images was accomplished by an experienced
thoracic radiologist (RRG). Qualitative and quantitative assess-
ment of each scan was performed using barcoded data collec-
tion forms and following a standardized protocol. The CT
images were analyzed qualitatively using the AJCC Cancer
Staging Manual (7th ed.) (20). Each individual AJCC classification
criterion defining T2–T4, N1–N3, and M1 was assessed for each
patient, scored on a case report form as either involved or not
involved by tumor, and compared with corresponding patholog-
ical assessment. Clinical stage was determined based on pub-
lished stage groupings (20) and compared with pathological
stage.

Quantitative analysis was performed on a PACS workstation.
Volumetric assessment of the tumor was performed using
Vitrea Enterprise suite 6.0 (Vital, MN) by semiautomatic seg-
mentation of tumor area on serial axial images using
Hounsfield thresholding (default 20–80) with manual correction
to exclude pleural fluid and normal adjacent tissue, and integra-
tion across images (Figure 1, A–E) (12,14). The integrated mea-
surement caliper was used to quantify interlobular fissural
thickening at its maximum thickness evident on axial CT
images (Fmax) (Figure 1, F–I).

Pathological Review

Detailed pathological staging information was obtained from
the electronic medical record. Similar to the clinical staging re-
view, each individual classification criterion defining T2–T4,
N1–N3, and M1 was scored on a case report form as involved or
not involved by tumor, and pathological stage was determined
from these data. Criteria involving anatomical sites not men-
tioned in the pathology report as either involved or uninvolved
were scored as uninvolved for staging purposes.

Statistical Analysis

The primary objective of this study was to determine if quanti-
tative assessment of CT data could provide improved prognostic
classification of patients with MPM undergoing surgery-based
multimodality therapy, relative to clinical staging using the
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current AJCC system. Patients in the study cohort were ran-
domly assigned to a training set and a test set in a 1:2 ratio. The
training set was used to generate survival models incorporating
the quantitative parameters (Fmax and/or VolCT). The perfor-
mance of candidate quantitative models was evaluated in the
test set, in comparison with clinical AJCC staging.

OS was defined as the interval from the date of the surgery
to the date of death or last follow-up. Patients who remained
alive or were lost to follow-up were censored at the date of last
contact. Kaplan-Meier analysis was used to estimate the sur-
vival functions for patient subgroups. Cox regression was used
to estimate the hazard ratios associated with stage levels in
each of the staging models. Dummy variables were created rep-
resenting stages II, III, and IV, with stage I serving as reference.
Predictive performance was measured with Harrell’s C index
and compared among staging models using the somersd pack-
age in Stata (22). Stata version 13.1 (StataCorp LP, College
Station, TX) was used for all statistical calculations. All P values
were two-sided, and P values of less than .05 were considered
statistically significant.

Results

Study Cohort

The study cohort included 472 patients for whom imaging scans
were available within 30 days prior to macroscopic complete re-
section of their tumor. Baseline demographics, disease charac-
teristics, and exposure history for the cohort are described in
Table 1.

AJCC Staging

The majority of the patients were categorized as having ad-
vanced stage (III and IV) according to clinical and pathological
AJCC criteria (Table 2). Clinical staging underestimated patho-
logical stage for 209 (44.2%) and overestimated pathological
stage for 92 (19.4%) patients. Concordant staging was observed
for 171 of 472 (36.2%) patients. Correspondingly, concordance
between pathological and clinical detection of tumor

involvement at the level of individual classification criteria was
low and variable (Supplementary Table 1, available online). One
exception, detection of confluent visceral pleural tumor includ-
ing fissures, demonstrated twice the concordance rate (253 of
385 patients detected, 65.7%) of the next most concordant crite-
rion (metastasis in ipsilateral bronchopulmonary or hilar lymph
nodes, 112/336, 33.3%).

Cohort patients randomly assigned to the training set (n ¼
159, 33.7%) and test set (n ¼ 313, 66.3%) were found to be compa-
rable in terms of demographic, exposure, prognostic factors,
therapy applied, and imaging parameters that could potentially
affect clinical assessment of the imaging data (presence of pleu-
ral effusion, use of intravenous contrast, and prior talc pleurod-
esis) (Supplementary Table 2, available online).

Quantitative Image Analysis

Median VolCT was 248 cc, with a range from 0 to 5471 cc.
Because fissural involvement was the clinical AJCC parameter
most concordant with pathological assessment and because fis-
sural thickness was unambiguously quantifiable (median ¼
7 mm, range ¼ 0–59 mm) on CT images because of high contrast
with surrounding lung parenchyma, Fmax was also explored as
a potential quantitative classification parameter.

Categorical transformations of VolCT and Fmax were de-
rived for the purpose of generating practical quantitative mod-
els that could represent a surrogate clinical stage. Univariate
hazard ratio associated with varying VolCT cut-points in the
training set shows local maxima at 150, 500, and 1200 cc
(Supplementary Figure 1, available online), defining a four-level
VolCT model. Fmax dichotomized at 5 mm statistically signifi-
cantly stratified OS in training set patients with low (�500 cc)
overall tumor volume (P ¼ .01) (Supplementary Figure 2A,
available online), but high (>500 cc) tumor volume was associ-
ated with thick fissures (>5 mm) in most patients (88.9%)
(Supplementary Figure 2B, available online). Thus, a four-level
bivariate model (quantitative clinical stage) was defined, with
stage grouping based primarily on categorical VolCT, with
upstaging by one level if tumor volume was 500 cc or less and
Fmax was greater than 5 mm (Table 3).

Figure 1. Volumetric assessment in a patient with right-sided mesothelioma. A–C) Segmentation of the tumor in axial, coronal, and sagittal planes is shown. D–E)

Tumor volume and relative distribution in the thorax are shown. Axial computed tomography images of patients with malignant pleural mesothelioma showing (F) no

fissural involvement, (G) fissural involvement, (H) maximal fissural thickness (Fmax) of 56 mm, and (I) Fmax of 5 mm.

A
R

T
IC

LE

260 | JNCI J Natl Cancer Inst, 2018, Vol. 110, No. 3

Deleted Text: 1-to-2 
Deleted Text: to
Deleted Text: -
Deleted Text: ,
Deleted Text: p 
Deleted Text: with 
Deleted Text: 0
Deleted Text: (
Deleted Text: )
Deleted Text: /
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djx175#supplementary-data
Deleted Text: ;
Deleted Text:  of 
Deleted Text:  (
Deleted Text: N
Deleted Text: ; 
Deleted Text: N
Deleted Text: ; 
Deleted Text:  and
Deleted Text: s,
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djx175#supplementary-data
Deleted Text:  Since
Deleted Text:  
Deleted Text:  
Deleted Text: due to
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djx175#supplementary-data
Deleted Text: 4
Deleted Text:  
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djx175#supplementary-data
Deleted Text: ;
Deleted Text: p&thinsp;&equals;&thinsp;0.01, 
Deleted Text:  
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djx175#supplementary-data
Deleted Text: 4
Deleted Text: Quantitative Clinical Stage
Deleted Text: 1
Deleted Text: &le;
Deleted Text: > 


Model performance was evaluated in the 313 patients ran-
domized to the test set. The baseline model (clinical AJCC stage)
was associated with modest discriminative performance (c-in-
dex ¼ 0.562, 95% confidence interval [CI] ¼ 0.525 to 0.599) (Figure
2A). The univariate quantitative model based on VolCT alone
showed statistically significantly better discrimination (c-index
¼ 0.629, 95% CI ¼ 0.593 to 0.665, P ¼ .004) (Supplementary Figure
3, available online). The bivariate quantitative model
(quantitative clinical stage) also demonstrated statistically sig-
nificantly enhanced discriminative ability compared with the
baseline model (c-index ¼ 0.638, 95% CI ¼ 0.603 to 0.673, P ¼
.001) (Figure 2B). Model performance was similar when exclud-
ing the 42 patients in the test set who had received neoadjuvant
chemotherapy (baseline c-index ¼ 0.586, 95% CI ¼ 0.546 to 0.627;
univariate c-index: 0.636, 95% CI ¼ 0.598 to 0.674, P ¼ .03 vs base-
line; bivariate c-index ¼ 0.648, 95% CI ¼ 0.612 to 0.685, P ¼ .005,
vs baseline). Statistically significant performance enhancement
was also observed when comparing the bivariate model with the
baseline in subsets of the test cohort comprising epithelioid (n ¼
189; baseline c-index ¼ 0.592, 95% CI¼ 0.538 to 0.645; bivariate c-in-
dex¼ 0.647, 95% CI¼ 0.599 to 0.695, P¼ 0.03) (Figure 2, C and D) and
nonepithelioid (n ¼ 124; baseline c-index ¼ 0.518, 95% CI¼ 0.461 to
0.576; bivariate c-index ¼ 0.600, 95% CI¼ 0.547 to 0.653, P ¼ .02)
(Figure 2, E and F) tumor histology.

Quantitative clinical staging was concordant with AJCC
pathological staging for 90 of 313 (28.7%), overestimated patho-
logical stage for 42 (13.4%), and underestimated pathological
stage for 181 (57.8%) patients in the test set (Table 4).
Discriminative performance was not statistically different be-
tween quantitative clinical staging (c-index ¼ 0.638, 95% CI ¼
0.603 to 0.673) and pathological AJCC staging (c-index ¼ 0.607,
95% CI ¼ 0.570 to 0.643, P ¼ .22).

Discussion

This study derives and validates a practical quantitative clinical
staging strategy for MPM. Quantitative clinical staging performs

Table 1. Patient demographics, imaging, treatment, and pathological
characteristics of the study cohort*

Demographics and characteristics Total (n¼ 472)

Demographics
Sex

Male 369
Female 103

Side
Left 214
Right 258

Median age at surgery (range), y 64 (18–84)
Asbestos exposure (self report)

Negative 103
Positive 283
Unknown 86

Preoperative imaging
Median interval from scan to surgery (range), d 6 (0–30)
Intravenous contrast

No 275
Yes 197

Effusion size
None 165
Small 160
Moderate 119
Large 28

Effusion loculated
No 112
Yes 195

Prior talc sclerosis
No 355
Yes 117

Median tumor volume, cm3 248 (0–5471)
Median fissure maximal thickness (range), mm 7 (0–59)

Treatment
Neoadjuvant chemotherapy

No 406
Yes 66

Procedure
Extrapleural pneumonectomy 317
Pleurectomy/decortication 35
Extended pleurectomy/decortication 120

Heated intra-operative chemotherapy
No 98
Yes 374

Adjuvant chemotherapy
No 269
Yes 202
nknown 1

Adjuvant radiotherapy
No 378
Yes 93
Unknown 1

Pathology
WHO subtype classification

Epithelioid 286
Sarcomatoid 23
Biphasic 159
Desmoplastic 3
Papillary (well-differentiated) 1

Clinical stage (AJCC)
Stage I 72
Stage II 129
Stage III 186
Stage IV 85

(continued)

Table 1. (continued)

Demographics and characteristics Total (n¼ 472)

Pathological stage (AJCC)
Stage I 40
Stage II 68
Stage III 231
Stage IV 133

*AJCC ¼ American Joint Committee on Cancer; WHO ¼ World Health

Organization.

Table 2. Concordance between AJCC clinical stage and pathological
stage (entire cohort)*

Pathological AJCC stage

Clinical AJCC stage

I II III IV Total

I 16 10 9 5 40
II 12 28 22 6 68
III 31 67 93 40 231
IV 13 24 62 34 133
Total 72 129 186 85 472

*AJCC ¼ American Joint Committee on Cancer.
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statistically significantly better as a prognostic classifier when
compared head to head in an independent data set with clinical
staging by current AJCC criteria. It should also be noted that per-
formance of the AJCC model in this study may have benefited
from optimal circumstances (single experienced radiologist,
standardized data form and collection protocol) and appears su-
perior to other large published analyses (7,11,12). In notable
contrast to clinical AJCC staging, quantitative clinical staging 1)
identified twice as many stage I patients, 2) identified few stage
IV patients who survived beyond two years, and 3) stratified
survival among nonepithelioid patients.

For most solid tumors, tumor size can be accurately and re-
producibly quantified by measuring diameters of spherical or
ovoid lesions both upon gross dissection (for pathological stage)
and on two-dimensional images at the resolution of available
technology (for clinical stage). By contrast, the irregular and in-
consistent morphology of MPM complicates quantification to a
degree that has necessitated MPM-specific modifications of
RECIST criteria (23) and has precluded tumor size consideration
in TNM staging (20).

Instead, AJCC T classification of MPM is based on qualitative
assessment of invasion of structures within the hemithorax by
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Figure 2. Kaplan-Meier survival curves depicting estimated survival functions. Results are presented according to the (A) AJCC Cancer Staging Manual (7th ed.) clinical

stage, (B) quantitative clinical stage, (C) AJCC Cancer Staging Manual (7th ed.) clinical stage: epitheloid subtype, (D) quantitative clinical stage: epithelpoid subtype, (E)

AJCC Cancer Staging Manual (7th ed.) clinical stage: nonepitheloid subtype, and (F) quantitative clinical stage: nonepitheloid subtype. C-indexes are shown, with their

corresponding 95% confidence intervals in parentheses. AJCC ¼ American Joint Committee on Cancer; CI ¼ confidence interval.
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the tumor. Current TNM criteria were based on Rusch (1995) (24)
and are theoretically consistent with microscopic examination
of sampled margins of extrapleural pneumonectomy speci-
mens. In practice, however, complete pathological staging of
MPM is impractical because of the number of margins that must
be assessed for invasion, the fact that many of them involve
vital structures that must be retained by the patient, and the in-
creasing proportion of fragmented and unoriented specimens
generated by lung-sparing surgery. These limitations also chal-
lenge the notion that pathological staging represents a “gold
standard” against which the accuracy of clinical staging may be
assessed. On the other hand, modern imaging technology pro-
vides noninvasive access to all relevant margins, but at orders-
of-magnitude lower resolution. These considerations may
account for the low level of concordance between clinical and
pathological staging observed in this and prior studies (25–27).

Some criteria, such as endothoracic fascial invasion and me-
diastinal fat invasion, may be best assessed intraoperatively,
prompting the IASLC Staging Committee to consider a com-
bined metric representing “best” stage (7), improving perfor-
mance but adding an additional degree of subjectivity to MPM
staging. A practical and objective approach is needed to evalu-
ate MPM patients so that effective management strategy can be
considered. Concordance between quantitative clinical stage
and pathological AJCC stage was low, with 58% of patients
understaged by the quantitative model, as reflected in larger
numbers of patients being classified to stages I and II. The two
systems demonstrated similar discriminative performance, but
quantitative clinical stage does not require surgical resection
and may therefore be applicable to a larger subset of patients
with MPM.

VolCT was first described as prognostic for MPM in 1998 (13).
At that time, the specialized equipment and time-consuming
manual tumor segmentation that were required rendered

VolCT impractical for clinical use. Rapid proliferation of digital
radiology and image processing technologies has overcome
these limitations, allowing for semi-automatic quantification of
tumors on hybrid PACS workstations. This has made possible
the use of VolCT in the context of standard radiology workflow
for the purposes of response assessment and prognosis (14,15).

Measuring the degree of tumor presence in interlobar fis-
sures is a convenient and unambiguous quantitative method
due to the high degree of contrast between normal lung paren-
chyma and involved fissural pleura. In the current study, quali-
tative involvement of fissures demonstrated the highest rate of
concordance among AJCC criteria between clinical and patho-
logical assessment. Fmax provided additive prognostic informa-
tion for patients with smaller-volume tumors, improving model
performance relative to VolCT alone, as assessed in the test set.

If further validated in a multi-institutional and multi-
observer setting, quantitative clinical staging would represent a
cost-effective and ubiquitously available strategy for MPM stag-
ing because it is based entirely on information derived from CT
scan, the primary imaging modality employed for evaluation of
MPM worldwide. Where available, FDG-PET and MRI may fur-
ther augment quantitative clinical staging with additional prog-
nostic (metabolic, anatomical, and histological) information
(28–31). The need for quantitative radiographic assessment as a
prognostic marker is being actively explored (18,19). The IASLC/
IMIG staging committee has recently published measurements
of pleural thickness along three defined sites in the thorax on
axial CT scan images, noting correlation with T classification
(TNM, 7th ed.), nodal status, and survival (18). A recent paper by
de Perrot and colleagues reported the prognostic significance of
unidimensional measurement of diaphragmatic tumor thick-
ness in patients treated with preoperative radiotherapy (32). If
validated, these measures may also prove useful to augment
clinical staging.

It will also be of interest to determine whether the proposed
quantitative strategy may assist in assessing response to non-
surgical therapy. Monitoring treatment response in MPM is
challenging due to the circumferential rind-like morphology
and unique growth pattern. Two-dimensional quantification
using unidimensional measurements of the long axis, including
RECIST 1.0 (up to five lesions per organ), RECIST 1.1 (up to two
lesions per organ), and even bidimensional measurements
(WHO; up to five lesions) are poorly suited for response assess-
ment in phase II/ III therapeutic trials and routine clinical prac-
tice (33).

These shortcomings have led to the development of
mesothelioma-specific modified RECIST criteria (tumor thick-
ness at two positions on three separate CT sections for up to six
target lesions) (23). However, response assessment continues to
be highly problematic, prompting exploration of 3D or VolCT as-
sessment of MPM (33–37), and there remains an unmet need to
develop quantifiable metrics for clinical trials. The quantitative
approach combining VolCT and Fmax may allow for a more ac-
curate comparison of outcomes in patients who undergo non-
surgical treatments.

This study has several limitations. First, it was performed
using retrospectively collected data, and the treatment strate-
gies applied were not assigned in a randomized fashion.
Second, we limited our initial exploration to quantitative mod-
els based on imaging data derived from CT scans only. There
was some variability in the slice thickness among available
scans. The CT scans, which were acquired with PET scans, were
acquired without breathing instructions. The degree to which
these parameters affect the volumetric assessment has not

Table 3. Quantitative clinical stage groupings*

Quantitative
stage groupings VolCT (cc) and Fmax (mm)

Stage I VolCT � 150 and Fmax � 5
Stage II VolCT � 150 and Fmax > 5 or VolCT > 150

and VoCT � 500 and Fmax � 5
Stage III VolCT > 150 and VoCT � 500 and Fmax > 5 or

VolCT > 500 and VoCT � 1200
Stage IV VolCT > 1200

*Fmax ¼ maximal fissural thickness; VolCT ¼ tumor volume assessed from

three-dimensional reconstruction of computed tomography scans.

Table 4. Counts of observed patients representing each possible
pairwise combination of quantitative clinical stage and pathological
AJCC stage (test set)

Pathological AJCC stage

Quantitative clinical stage

I II III IV Total

I 14 7 4 0 25
II 19 13 13 0 45
III 45 29 57 18 149
IV 16 25 47 6 94
Total 94 74 121 24 313

*AJCC ¼ American Joint Committee on Cancer.
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been assessed. Future work will explore the additive power con-
ferred by other imaging modalities such as MRI and FDG-PET.
Third, choosing the cut-points for VolCT based on local maxima
may not be as optimal statistically as a nomogram or multivari-
able prognostic index, without increasing the burden for clini-
cians, as ease of use is an essential hallmark of an ideal
prognostic model (28). Fourth, because all images were reviewed
by a single radiologist, inter-reader variability could not be
addressed and could potentially affect universal translation.
However, because the proposed algorithm bins tumor volume
into four categories, moderate inter-reader variability would be
expected to impact classification only for volumes in the vicin-
ity of cut-points. Further validation studies involving multiple
radiologists will also be required to determine whether the pro-
posed surrogate staging strategy is sufficiently reproducible to
be clinically relevant.

In conclusion, our results show that quantitative clinical
staging based on VolCT and Fmax improves prognostic stratifi-
cation among stages in comparison with AJCC clinical staging.
The proposed system may represent a straightforward and ob-
jective approach to determining appropriate treatment strategy
and to risk stratification of patients entering clinical trials.

Note

Presented at the 16th World Conference on Lung Cancer in 2015
(Denver, CO).
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