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Abstract

Objectives To evaluate differences in the tumor response classifications that result from clinical measurements and to

compare these response classifications with overall survival for patients with malignant pleural mesothelioma

(MPM).

Methods One hundred thirty-one computed tomography (CT) scans were collected from 41 MPM patients enrolled in a

clinical trial. Primary measurements had been acquired by clinical radiologists at a single center during routine clinical

workflow, and the variability of these measurements was investigated. Retrospective measurements were acquired by a

single radiologist in compliance with the study protocol based on the modified response evaluation criteria in solid tumors

(RECIST). Differences in response classification categories by the two measurement approaches were evaluated and

compared with patient survival.

Results Eleven (27%) of the 41 MPM patients had primary measurements at baseline or at follow-up that deviated from the

guidelines of the clinical trial protocol. Among the 41 baseline scans, no statistical difference was observed in summed

tumor measurements between primary and retrospective measurements. Response classification based on primary and

retrospective measurements was different in 23 (26%) of the 90 follow-up scans, and best response was the different in

seven (17%) of the 41 patients. Using Harrell’s C statistic as a measure of correlation, response based on retrospective

measurements correlated better with survival (C=0.62) than did response based on primary measurements (C =0.57).

Conclusions Strict compliance with the measurement protocol yields tumor response classifications that may differ from those

obtained in clinical practice. Response based on retrospective measurements correlated better with survival than did response

based on primary measurements.

Key Points

* Response classifications could be different between clinical primary and retrospective measurements for malignant pleural
mesothelioma.

* Response classifications obtained by strict compliance with the trial-specific protocol correlated better with survival than the
classifications based on primary measurements.

* Quality assurance and radiologist training measures should be used to ensure the integrity of image-based tumor measure-
ments in mesothelioma clinical trials.
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Introduction

The image-based assessment of tumor growth or shrinkage
requires (1) identification and reporting of individual lesions
at the baseline scan and (2) tracking these lesions across all
follow-up scans, as specified by the response evaluation
criteria in solid tumors (RECIST) [1, 2]. Due in part to inher-
ent differences in the workflow between clinical patients and
patients who are also research subjects and differences in the
reporting needs of these two patient groups, radiologists do
not always assess tumor response in strict compliance with the
RECIST guidelines. Also, intra- and inter-observer variability
in the application of guidelines for the measurement of target
lesions [3—5] could impact the assigned tumor response clas-
sification category, which could change patient management.

Malignant pleural mesothelioma (MPM) has a distinctly
non-spherical growth pattern, and modified RECIST [6]
adapted to this unique morphology by specifying the acquisi-
tion of unidimensional measurements of tumor thickness per-
pendicular to the chest wall or mediastinum. Observer vari-
ability in these thickness measurements (in controlled set-
tings) has been shown to impact tumor response classification
[7-9]; the acquisition of imaging measurements during nor-
mal clinical workflow will be more complex than the mea-
surement tasks reported in these more idealized studies, with
the expectation of increased observer variability.

The need exists to investigate actual clinical measurement
of MPM tumor thickness and whether measurement differ-
ences can change patient response assessment. This study
evaluated differences in the tumor response classifications that
result from measurements acquired during routine clinical
workflow (“primary measurements”) and measurements that
conformed to the clinical trial measurement protocol
(“retrospective measurements”); these response classifica-
tions were compared with overall survival for MPM patients
on a clinical trial.

Materials and methods
Patient population

The images and clinical data from MPM patients from a single
center who had participated in a phase III clinical trial of a
targeted agent, vorinostat (suberoylanilide hydroxamic acid),
versus placebo (NCT 00128102) between 2006 and 2012 [10]
were used in this study in a HIPAA-compliant manner with
institutional review board approval. This clinical trial included
41 patients (33 men and 8 women; age at baseline computed
tomography (CT) scan, range 48—84 years; mean 67.6 years).
All patients had advanced MPM and had been previously
treated with systemic chemotherapy. Thirty-eight of these pa-
tients had died of their disease or a related medical condition,
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and three patients were lost to follow-up. The mean time in-
terval between baseline CT scan and death for the 38 patients
was 390 days (range 59—1702 days).

Follow-up scans were obtained every two treatment cycles.
Each patient had a baseline CT scan and between two and ten
follow-up CT scans on which primary measurements had been
acquired, for a total of 131 scans across all patients (41 base-
line scans and 90 follow-up scans). The 131 scans included
119 contrast-enhanced and 12 non-enhanced scans. Scans
were performed on Philips Brilliance 16- or 64-slice scanners.
Peak voltage was 120 kVp (n=120) or 140 kVp (n = 11) with
variable exposure rate according to patient size.
Section thickness was 3 mm. All images had been reconstruct-
ed as 512 x 512-pixel images.

Primary measurements

All 131 scans had been measured by radiologists in our
Department of Radiology through the routine clinical
workflow; these primary measurements had been saved at
each time point within the picture archiving and communica-
tions system. Primary measurements were extracted from the
radiology reports by a study chest radiologist (F.L., 17 years of
experience). The study radiologist reviewed all measurements
recorded by the clinical radiologists from all 131 CT scans.

Retrospective measurements

Prior to review of the primary measurements and reports, the
same study radiologist retrospectively acquired tumor mea-
surements from all patients enrolled in the trial based on the
study protocol, which specified modified RECIST (see
Fig. 1). Six linear tumor thickness measurements were ac-
quired perpendicular to the chest wall or mediastinum adja-
cent to fixed structures such as the ribs and the vertebral col-
umn (two measurements on each of three axial CT sections
separated by more than 1 cm) from the baseline scan of each
patient in accordance with an exact implementation of modi-
fied RECIST. In total, 246 baseline scan measurements were
acquired across the 41 patients. These retrospective measure-
ments acquired from the baseline scans were replicated in all
corresponding follow-up scans for each patient.

Modified RECIST specifies the acquisition of six measure-
ments and does not explicitly set a lower limit on measure-
ment size; in practice, however, this approach generally has
been modified to the acquisition of up to six measurements of
at least 10 mm each. To accommodate analyses according to
both approaches, retrospective tumor measurements as small
as 1 mm were obtained to achieve exactly six measurements
per scan; assessments then were performed (1) with all retro-
spective measurements (six per scan) and (2) only with those
retrospective measurements > 10 mm (up to six per scan). The
number of measurements > 10 mm among the 246
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1) Six linear tumor thickness measurements acquired
perpendicular to the chest wall or mediastinum

2) Two measurements on each of three axial CT
sections separated by more than 1 cm

3) Preference for measurement site selection adjacent
to fixed structures such as ribs or vertebral column

4) Implied minimum thickness of 10 mm

5) Measurement sites identified on baseline scan and
tracked across follow-up scans

6) Further modifications for this study: measurement
sites < 10 mm (which were analyzed separately)
obtained if required to achieve six measurement sites
per scan; no measurements obtained for non-pleural
lesions (e.g., lymph nodes)

Fig. 1 Summary of the retrospective measurements per modified
RECIST

retrospective measurements from the baseline scans was 114
(46%). In total, 786 retrospective measurements across all
baseline and follow-up scans were obtained on CT images
displayed at a mediastinal window (width 400/level 40).
Five non-pleural suspicious lesions (three mediastinal lymph
nodes, one non-calcified lung nodule, and one chest wall
mass) were present in the baseline scans but were not included
in the retrospective measurements and not extracted from the
primary measurements when available; although modified
RECIST allows for bi-dimensional measurements of non-
pleural lesions, the purpose of this study was to evaluate var-
iability in the implementation of the main component of mod-
ified RECIST: measurement of pleural tumor thickness.

Data analysis

Tumor response classification based on (1) the sum of primary
measurements (various numbers of tumor thickness measure-
ments per scan) or (2) the sum of retrospective measurements
(six tumor thickness measurements per scan) was performed
for each patient according to the RECIST guidelines: (1) a
reduction of at least 30% in summed measurements between
the baseline scan and each follow-up scan was classified as
partial response (PR), (2) an increase of at least 20% in
summed measurements was classified as progressive disease
(PD), and (3) neither sufficient shrinkage to qualify as PR nor
sufficient increase to qualify as PD was considered stable
disease (SD).

The variability of primary measurements was investigated.
Baseline scan summed primary measurements were compared
with the corresponding retrospective measurements. A paired
Student’s ¢ test was used to evaluate the difference in the
means between the primary and retrospective summed mea-
surements after a Kolmogorov-Smirnov test was used to test
the normality of the data. Differences in response

classification categories assigned to each patient based on
both sets of measurements were evaluated. These analyses
were repeated with just those primary and retrospective mea-
surement sites that exceeded the RECIST 10-mm minimum
measurable disease threshold at baseline; in these subsequent
analyses, only the six largest primary measurements were
used if the scan included more than six primary
measurements.

Harrell’s C statistic [11] was used to evaluate the correla-
tion of survival (from the date of the baseline CT scan) with
best response determined from all measurements and then
from just those measurements > 10 mm (not exceeding six
per scan) among the primary and retrospective measurements.
Bootstrapping was performed to compare the differences be-
tween the C statistic obtained from these different measure-
ment approaches, and the 95% confidence intervals obtained
for these comparisons were computed from 1000 bootstrap
iterations. It should be noted that vorinostat proved to be in-
effective in this patient cohort, so the number of responding
patients was minimal [10]. In general, if response category is
correlated with survival, then patients classified as PR should
survive longer than patients classified as SD, and both groups
should survive longer than PD patients. A value of C=0.5 is
equivalent to correct classification by chance alone.

Results

The primary interpretation of the 131 CT scans from 41 MPM
patients involved 13 radiologists. The numbers of scans mea-
sured by the 13 radiologists [1] by themselves and [2] with a
radiology resident were 57 (44%) and 74 (56%), respectively.
Variability in the numbers of scans per patient and the num-
bers of radiologists involved in the acquisition of tumor mea-
surements across a patient’s scans is shown in Table 1. The 41
baseline scans included 177 primary measurements of tumor
thickness (n=168; 95%) or longest tumor diameter (n=9;
5%). The median numbers of (1) measurement sites per scan
and (2) sections per scan from which measurements had been
acquired across the 41 baseline scans were 4.0 sites per scan
(range 2-9) and 3.0 sections per scan (range 2-5), respective-
ly, for the 41 baseline scans. The primary measurements on
the baseline or follow-up scans of 11 patients deviated from
modified RECIST by spanning more than three CT sections
and/or capturing more than two sites per section. The mini-
mum size of the 177 primary measurements on the baseline
scans was 1 mm; the number of measurements <10 mm
among the primary measurements was 59 (33%). Of the 177
baseline scan primary measurements, 170 (96%) had corre-
sponding primary measurements across all follow-up scans
from the respective patient. In total, 573 primary measure-
ments across all baseline and follow-up scans were obtained,
with images displayed primarily with a mediastinal window
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Table 1  Distributions of the number of scans per patient and the
number of radiologists involved in primary measurement acquisition
across a patient’s scans (involving 131 total CT scans and 13 radiologists)

Scans/patient Number of patients (N=41)
2 21
3 9
4 5
5 1
6 2
7 1
8 1
9 0
10 1
Radiologists/patient

1 6
2 22
3 11
4 2

(but the window width and level were not always the same).
Figures 2 and 3 present example images that demonstrate
differences between primary and retrospective tumor

Fig. 2 Example sections from
baseline scan and first follow-up
scan (after two treatment cycles)
of a 67-year-old man with (a)
three primary measurement sites
and (b) two retrospective mea-
surement sites. Patient best re-
sponse based on primary mea-
surements and retrospective mea-
surements was SD and PD, re-
spectively. Note that the acquired
primary measurements were not
always perpendicular to fixed an-
atomic structures. Time between
the best response CT scan and
death was 36 days

Primary Measurements
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measurements and differences in the resulting tumor response
classifications (discussed below).

No statistically significant difference was observed be-
tween the summed primary and summed retrospective mea-
surements across the 41 baseline scans (p =0.78) (Table 2).
When only the retrospective measurements that satisfied the
10-mm minimum measurable disease threshold were com-
pared with the primary measurements, summed measure-
ments across baseline scans achieved a statistically significant
difference between retrospective and primary measurements
(» <0.002).

Scan-by-scan RECIST response classification based on pri-
mary and retrospective measurements was different in 23
(26%) of the 90 follow-up scans, and RECIST best response
across all follow-up scans of a patient based on primary and
retrospective measurements was different in seven (17%) of
the 41 patients (Table 3). Best response based on retrospective
measurements correlated better with overall survival (C=0.62,
95% confidence interval [0.57, 0.67]) than did best response
based on primary measurements (C=0.57, 95% confidence
interval [0.52, 0.62]); both were statistically significantly dif-
ferent from random guessing because their 95% confidence
intervals do not include 0.5, but the difference between retro-
spective measurements (C = 0.62) and primary measurements

Baseline Scan
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Fig. 3 Primary measurements on
baseline scan and best-response
follow-up scan sections from (a) a
66-year-old man with one prima-
ry measurement site (note that this
one baseline scan site was not
measured on the follow-up scan)
and (b) a 77-year-old man with
two primary measurement sites
(note that these two sites were not
consistently measured on the
follow-up scan). Patient A best
response based on primary mea-
surements and retrospective mea-
surements (not shown) was PR
and SD, respectively. Patient B
best response based on primary
measurements and retrospective
measurements (not shown) was
SD and PD, respectively

)
\ ¥

(C=0.57) failed to achieve statistical significance. When lim-
ited to measurement sites that were at least 10 mm at baseline,
best response correlation with survival for retrospective mea-
surements decreased from C=0.62 to C=0.52 (95% confi-
dence interval [0.46, 0.58]), and best response correlation with
survival for primary measurements decreased from C=0.57 to
C=0.38 (95% confidence interval [0.32, 0.44]). Time between
the follow-up CT scan that captured best response and the CT
scan that finally diagnosed disease progression or death for the

Primary Meas

Baseline Scan

\__8

Primary Measurements

Ry

urements

e N

N A"

Follow-up Scan

seven patients with different classification by primary and ret-
rospective measurements is shown in Table 4. Table 5 shows
the 95% confidence intervals, obtained from bootstrapping, of
the differences in C statistic between the measurement ap-
proaches. Likely due to the relatively small number of cases
used, a statistically significant difference in C statistic (indicat-
ed by a 95% confidence interval that does not include 0) was
observed for only one of these comparisons: the primary mea-
surements using all measurements and the primary

Table 2 Analysis of primary
measurements and retrospective

Baseline scans Baseline and follow-up scans

measurements
Primary Retrospective Primary Retrospective

Individual measurements N=177 N=246 N=573 N=1786
Mean (SD) (mm) 15.0 (11.3) 11.0 (7.6) 14.7 (12.7) 11.1 (8.5)
Median (mm) 13 9 12 9
Range (mm) 1-85 1-43 1-101 1-52
Summed measurements N=41 N=41 N=131 N=131
Mean (SD) (mm) 64.6 (33.2) 65.7 (21.7) 64.5 (37.2) 66.9 (25.7)
Median (mm) 62 69 58 68
Range (mm) 14-166 26-118 11-196 12-146

SD standard deviation
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Table 3 RECIST-based response category Table5 95% confidence intervals for differences in C statistic between
measurement approaches
Response for individual follow-up scans
(N=90) Measurement approach comparison 95% confidence
Retrospective measurement Primary measurement interval
PR SD PD Total Retrospective (all) vs. primary (all) (=0.097-0.21)
PR 3 0 0 3 Retrospective (all) vs. retrospective (> 10 mm) (—0.098-0.28)
D ! o1 10 62 Primary (all) vs. primary (> 10 mm) (0.065-0.34)
PD 2 10 13 25 . .
Retrospective (= 10 mm) vs. primary (= 10 mm) (—0.064-0.39)
Total 6 61 23 90

Best response for individual patients

(N=41)
Retrospective measurement Primary measurement
PR SD PD Total
PR 1 0 0 1
SD 1 26 3 30
PD 0 3 7 10
Total 2 29 10 41

PR partial response, PD progressive disease, SD stable disease

measurements limited to measurement sites that were at least
10 mm at baseline.

Discussion

Radiologists often are expected to apply one approach to im-
age interpretation for standard-of-care oncology patients and
another approach (or, more precisely, one of a collection of
other possible approaches) to image interpretation for oncol-
ogy patients enrolled on clinical trials. Since clinical trials
usually involve multiple institutions, protocols have been
established to guide image interpretation across all patients
and all sites in an attempt to ensure consistency in tumor
response assessment, which is often a trial endpoint.
Achieving consistency can be a challenge since radiologists
less familiar with the protocol (or unaware that a particular

Table 4 Time between best response CT scan and final PD CT scan or
death for the seven patients with different classification

Patient  Primary Retrospective  Final PD Death time
measurement ~ measurement  time (days) (days)

Casel PR SD 219 NA
Case2 SD PD NA 36

Case3 SD PD NA 73

Case4 SD PD 205 453

Case5 PD SD 29 117

Case6 PD SD 121 270
Case7 PD SD 139 280

PR partial response, PD progressive disease, SD stable disease, NA not
available
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patient is enrolled in a trial) could be involved when these
cases come through the clinical workflow. The purpose of this
study was to evaluate differences in the tumor response clas-
sifications that result from primary measurements (acquired
during normal clinical workflow) and retrospective measure-
ments (retrospectively acquired in accordance with uniform
guidelines) for MPM patients and to compare these response
classifications with overall patient survival.

Evaluating a large multicenter oncology trial, Thiesse et al
[4] reported differences between tumor response classifica-
tions by local investigators and by a central review committee
and suggested that all clinical trial imaging should undergo
independent central review. While independent central review
may maximize consistency, such review has its own chal-
lenges [12—14]. Tumor response (and the approach used to
obtain the necessary measurements) also differs among radi-
ologists within a single site; the present study investigated
variability in local primary measurements using the chest CT
scans of 41 MPM patients enrolled in a single clinical trial at
our medical center. The results demonstrated that many radi-
ologists were involved in the imaging evaluation of tumor
response classification, and inconsistent measurement ap-
proaches had been implemented. Central review could over-
come some of these fundamental issues of consistency, and
one or several radiologists dedicated to one or several clinical
trials within an institution likely would serve to reduce the
variability that was observed in this single-institution study.

The findings of Muenzel et al [5] suggested that the repro-
ducibility of tumor response classification may be improved
when the imaging assessment is performed by a single observ-
er or by the combined assessment of four observers. In the
present study, an experienced chest radiologist acquired retro-
spective measurements in accordance with modified RECIST.
Response classification based on primary and retrospective
measurements differed in 23 (26%) of the 90 follow-up scans,
and the retrospective best response differed from the primary
best response in seven (17%) of the 41 patients. These differ-
ences may have resulted from a combination of factors affect-
ing the primary readings of these clinical trial scans: limited
reading time, lack of training on the protocol measurement
guidelines, ineffective communication between radiologists
and the clinical trial team, ambiguities in the modified
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RECIST guidelines, and variability in the selection of baseline
scan measurement sites as well as inter-observer variability in
the matching of measurement sites in subsequent follow-up
scans.

Jain et al [15] analyzed image-based tumor response for
570 oncology patients from 24 clinical trials and did not find
a clear relationship between tumor response classification and
overall survival. Another study, however, found that the cor-
relation of patient survival with tumor response classification
according to modified RECIST (as measured by a single read-
er) yielded a C value of 0.78 in 78 MPM patients who
underwent standard-of-care chemotherapy [16]. In the present
study, correlation of survival with best response achieved a
C value of 0.62 based on retrospective measurements.

The acquisition of measurements from the CT scans of
MPM patients has some challenges. First, it may not be pos-
sible to measure two distinct tumor sites with thickness
>10 mm in the same CT section, especially in the case of
previously treated patients. Consequently, the thickness of in-
dividual measurement sites from the primary measurements
(mean, 15 mm) was greater than that from the retrospective
measurements (mean, 11 mm), which effectively forced the
selection of two measurement sites in each of three CT sec-
tions to capture the greatest extent of tumor burden but with-
out limiting measurements to those > 10 mm. Second, it may
be difficult to track corresponding measurement sites across
temporally sequential scans to evaluate size change. Tumor
thickness can change in apparent size, for example, due to
differences in patient positioning or rotation between scans
or due to changes in post-treatment volume of the thoracic
cavity. Third, the validity of the 10-mm threshold for
“measurable disease” has already been challenged in the
MPM setting [9]; the present study found better correlation
of survival with best response (based on primary or retrospec-
tive measurements) when measurement sites were not limited
to those that exceeded 10 mm.

This retrospective study had several limitations. First, the
MPM patients were obtained from a single clinical trial at one
medical center. Second, the retrospective measurements were
obtained by a single study radiologist. Third, to avoid another
potential source of error and variability, the actual radiology
reports were used rather than the case report forms, which are
extracted from the radiology reports by a local study coordi-
nator and used to transmit measurements to the study sponsor
during a clinical trial.

Computerized image-assessment systems, tumor volume
quantification, and PET-CT scans have been all evaluated for
MPM tumor response classification, and these advanced mea-
surement techniques have demonstrated correlation with pa-
tient survival [17-22]. Nevertheless, the more simple linear
measurement approach of modified RECIST remains the stan-
dard for the evaluation of tumor response classification in
MPM. Strict adherence to the measurement protocol,

however, yields response classifications that are better corre-
lated with patient survival than less-consistent measurements
obtained during routine clinical interpretation.

Quality assurance and radiologist training measures should
be used to ensure the integrity of image-based tumor thickness
measurements in MPM clinical trials. We believe that the
quality, consistency, and reliability of image-based tumor
measurements at local sites would be enhanced through (1)
effective communication between the radiologists and the
clinical trial team, (2) radiologist training on protocol mea-
surement guidelines, and (3) minimization of the number of
involved radiologists, ideally limited to a few protocol-trained
individuals responsible for imaging measurements across
multiple clinical trials.
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