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Malignant pleural mesothelioma has few effective treatments, one being cytoreductive surgery. We previ-
ously developed a gene ratio test to predict outcome of malignant pleural mesothelioma patients under-
going surgery. In this study, we investigated the predictive value and technical assay performance of this

Clinical data were obtained prospectively from 120 consecutive patients with malignant pleural mesothe-
lioma who were scheduled for debulking surgery at one institution. Specimens were obtained at surgery
or by pleural biopsy examination. Expression data for four genes were collected from tumor specimens,
and three ratios of gene expression (TMA4SF1/PKM2, TM4SF1/ARHGDIA, and COBLL1/ARHGDIA) were
determined by quantitative reverse transcriptase-polymerase chain reaction. Patients were assigned to
good or poor outcome groups by the gene ratio test. Survival was estimated by the Kaplan-Meier method
and the log-rank test in univariate analyses. A multivariable Cox proportional hazards model was used to
control for prognostic factors. Technical robustness was determined by using up to 30 specimens per
patient, two biopsy techniques, and two performance sites. All statistical tests were two-sided.

The test predicted overall survival (P < .001) and cancer-specific survival (P = .007) in univariate analysis
and overall survival in multivariable analysis (hazard ratio for death = 2.09, 95% confidence interval
[CI] = 1.27 to 3.45, P =.004). The test was reproducible within patients and repeatable between two deter-
minations for specimens with widely varying tumor cell contents. Repeatability between two determina-
tions was 88.5% (95% Cl = 84.0% to 92.2%) or, when technically unacceptable test values were excluded,
91.9% (95% Cl = 87.4% to 95.1%). Reproducibility between two determinations was 96.1% (95% Cl = 86.5% to
99.5%). Combining the gene ratio test and other prognostic factors allowed prospective discrimination
between patients at high risk (median survival = 6.9 months, 95% Cl = 2.6 to 8.9 months; 3-year
survival = 0%) and low risk (median survival = 31.9 months, 95% C| = 21.9 to 41.7 months; 3-year
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survival = 42%).
Conclusion

The gene ratio test for survival of patients with malignant pleural mesothelioma has robust predictive
value and technical assay performance.
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Malignant pleural mesothelioma is an aggressive, asbestos-induced
malignancy diagnosed in approximately 3000 new patients each
year in the United States. Chemotherapy and radiotherapy alone
or in combination are usually ineffective (1), and the best random-
ized trial data show an improvement in median survival only from
9 to 12 months for patients with malignant pleural mesothelioma
who are treated with chemotherapy (2). Patients with localized
malignant pleural mesothelioma tumors and sufficient cardiopul-
monary reserve may benefit from surgical resection, such as extra-
pleural pneumonectomy, followed by combination of adjuvant
chemotherapy and radiation therapy. Lymph node status, stage,
resection margins, and histological subtype have been associated
with survival (3,4). However, many of these parameters are only
available for analysis after complete surgical resection, which is too
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late to identify the important minority of patients who do not ben-
efit from surgical resection and die from disease within 12 months
of surgery. Therefore, availability of a preoperative predictive test
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that identifies patients likely to benefit from surgery would likely
improve patient care.

Cancer researchers have long sought to improve upon existing
cancer diagnosis and prognosis methods by analyzing gene expres-
sion with tools such as high-density microarrays that simultane-
ously measure the expression levels of thousands of genes in a
given specimen. This technology has been used to classify and dis-
sect the pathobiology of human cancers (5-8), and many global
cancer gene expression signatures and patterns have been identi-
fied that are associated with cancer diagnosis, stage, subtype, and
prognosis (9,10). Nevertheless, only a few candidate predictive
gene panels have been validated in independent cohorts, and
among those that have been validated, only two are in clinical use,
both for predicting recurrence in patients with resected breast
cancer (11-13). A number of technical barriers serve to impede the
translation of such prospective clinical tests from discovery to
clinical implementation (14), including between-platform variabil-
ity, complex bioinformatics-based algorithms that are not easily
reproducible, lack of sufficient adequate-quality frozen specimens
for test validation, and the necessity of lengthy patient follow-up
to validate the test for cancer prognosis. We designed this study to
test the validity of a gene expression ratio-based predictive test
that addresses many of these problems in a model of human
cancer.

We developed the four-gene expression ratio test to translate
comprehensive expression profiling data into simple clinical tests
that are based on the expression levels of a relatively small number
of genes (15-20). This algorithm identifies genes that are differen-
tially expressed between two clinically distinct conditions and cal-
culates ratios of gene expression for gene pairs that can predict the
condition alone or in combination. In contrast to traditional
approaches, both genes in such a given gene pair ratio are informa-
tive, and by its use of a unitless ratio, this technique has the major
advantages of being independent of microarray platform and easy
to use with individual specimens. Previously, we compared (16,19)
the differences in gene expression in tissue samples of malignant
pleural mesothelioma stratified by patient outcome after surgical
therapy (ie, survival) and developed a gene ratio test that was calcu-
lated from the expression levels of four genes to predict patient
outcome. We demonstrated (16,19) that this test could differentiate
between patients on the basis of postsurgical outcome in two inde-
pendent retrospective cohorts. In this study, we used results of a
prospective clinical trial to evaluate the ability of this test to predict
overall survival and cancer-specific survival in patients undergoing
surgery (ie, extrapleural pneumonectomy) for malignant pleural
mesothelioma. We also investigated the predictive value and tech-
nical assay performance of this test in the same prospectively con-
sented cohort of patients with malignant pleural mesothelioma.

Patients and Methods

Patients and Specimens

A total of 120 consecutive patients who were scheduled for debulk-
ing surgery for malignant pleural mesothelioma at one institution
(Brigham and Women’s Hospital) provided written informed con-
sent for this institution review board-approved study to test their
surgical specimens for gene expression and link that data to their
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CONTEXT AND CAVEATS

Prior knowledge
Malignant pleural mesothelioma has few effective treatments,
except for Chemotherapy and cytoreductive surgery.

Study design

Clinical data were obtained before surgery from patients with
malignant pleural mesothelioma. Tumor specimens were obtained
at surgery or by pleural biopsy examination, and gene expression
data were obtained for four genes. A gene ratio test was used to
assign patients to good or poor prognosis groups, and their sur-
vival was analyzed. Robustness was determined by using many
specimens per patient, two biopsy techniques, and two perfor-
mance sites.

Contribution
The gene ratio test for survival of patients with malignant pleural
mesothelioma has robust predictive value and technical assay
performance.

Implications

The gene ratio test should be further evaluated with patient speci-
mens collected before clinical intervention to determine whether
its results can be incorporated into decision making for patient
treatment.

Limitations

Patients had to agree to undergo aggressive surgery at enroliment
and patients who did not were excluded. Consequently, the results
may not apply to patients who are older or less fit.

From the Editors

clinical outcomes (2001-2006). None of the patients had received
preoperative chemotherapy or radiation therapy. All patients were
considered surgical candidates and were preoperatively staged by
standard clinical and radiological criteria (1). These patients con-
stituted an independent prospectively enrolled cohort whose
tumors had never before been subjected to this type of molecular
analysis and who were distinct from patients in our previous stud-
ies (16,19), whose data were used to develop the gene ratio test for
malignant pleural mesothelioma prognosis.

Clinical data, including diagnosis, age, sex, survival, and other
demographic and outcome data, were collected by independent
clinical research staff who were blinded to the test results. The
clinical and gene expression datasets, including gene ratio test
predictions, were merged at the final stage of data analysis by the
statistician who was not involved in any of the clinical or gene
expression data collection.

Tumor Tissue and Reverse Transcriptase-Polymerase
Chain Reaction Analysis
Specimens were removed by extrapleural pneumonectomy. After
the entire specimen was surgically removed, it was immediately
examined by a pathologist who grossly divided it into sub-specimens
that were stored fresh frozen as described in the tumor bank
protocol (21).

Portions of each tumor sub-specimen were used to make slides
for staining with hematoxylin-eosin, which were reviewed by a
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pathologist who counted tumor cell nuclei, with results being
expressed as a percentage of all nuclei. A portion from each sub-
specimen (each allotted a unique identifier) was homogenized in
Trizol (Invitrogen, Carlsbad, CA) to prepare total RNA by use of
the manufacturer’s recommended protocol. Total RNA (2 pg)
from each sub-specimen was used to prepare cDNA and quantify
expression by quantitative reverse transcriptase—polymerase chain
reaction (RT-PCR) of mRNA for TM4SF1 (L6 tumor antigen),
ARHGDIA (GDIAl), COBLL1 (KIAA0977), and PKM2
(CTHBP1), exactly as described previously (16) (including PCR
primer concentrations and cycling parameters), with a single
modification being that the following PCR primers were used,
which offered increased specificity (R. Bueno, Division of Thoracic
Surgery, Brigham and Women’s Hospital, unpublished observa-
tions) over previously reported (16) primers (forward and reverse):
TM4SF1  (5'-GCACATTGTGGAATGGAATG-3" and 5'-
TCTGTCCTGGGTTGGTTCTT-3"), ARHGDIA (5'-
CAACGTCGTGGTGACTGG-3' and 5-TCGGTTAACCCG
GAAAGAG-3'), COBLL! (5'-GATGCGACAGAGTTTGCT
GA-3' and 5'-GGTGTGGCAGGGTAACATTT-3"), PKM2 (5'-
CTCGGGCTGAAGGCAGT-3" and 5-AATTGCAAGTGGT
AGATGGCA-3).

Gene Ratio Test Predictions

The relative expression levels of genes analyzed by quantitative
RT-PCR were used to calculate the geometric mean of the three
gene pair ratios, TM4SF1/PKM2, TM4SF1/ARHGDIA, and
COBLL1/ARHGDIA, to assign a good (ie, geometric mean >1) or
poor (ie, geometric mean <1) prognosis, exactly as described earlier
(16). The cutoff threshold of “1” and all test-related calculations
were prespecified (16) before collecting gene expression measure-
ments in the current set of specimens, and the test was used with-
out any modification whatsoever. In a related analysis of the test
properties, we empirically determined the range of geometric
mean values in the immediate vicinity of the threshold that pro-
duced uninterpretable results due to technical artifacts resulting
from variability associated with repeated RT-PCR gene expression
measurements obtained on different runs.

Analysis of Test Properties

We determined the test properties (ie, minimal tumor cell require-
ments and within-assay, between-assay, and within-patient repro-
ducibility) by use of surgical specimens from 51 consecutive patients
(a subset of the 120 patients). Briefly, each surgical specimen was
divided in up to five separate sub-specimens in which the pleural
surface appeared to be grossly involved. A scalpel was then used to
excise three additional small portions from each sub-specimen to
produce a set of up to 15 samples. These samples are referred to as
the tissue samples hereafter. To determine if the gene ratio test is
potentially amenable to the analysis of material acquired through
minimally invasive procedures, surgical biopsy forceps were also
used to obtain three additional samples from each sub-specimen for
a total of another 15 samples. These samples are referred to as the
pleural biopsy samples hereafter. In total, up to 30 samples from
each patient’s tumor were analyzed. All 30 specimens from each
patient were immediately frozen in OCT compound, and the rela-
tive location of each specimen was recorded. Each specimen was
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labeled with a randomly generated code that was not linked directly
to any patient identifier, so that the laboratory personnel were
blinded to the clinical data. The clinical research staff was blinded
to the predictive test results, and the statistician, who was blinded
to the collection of clinical and gene expression data, merged the
datasets at the final stage of data analysis.

Portions of each of the 30 samples per patient were reviewed by
a pathologist to determine the percentage of all nuclei in the
sample that were tumor nuclei in at least five high-power fields per
slide by examining at least 100 nuclei per slide. Two adjacent por-
tions from each specimen were homogenized in Trizol (Invitrogen)
to prepare total RNA for duplicate gene ratio testing, exactly as
described above.

To control for laboratory or performance site-dependent vari-
ability, each of the 30 sub-specimens (15 tissue samples and 15
pleural biopsy samples) from all 51 patients were subjected to an
identical protocol and duplicate gene expression analysis with
quantitative RT-PCR as described above, at a second location.
This facility (Xceed Molecular, Toronto, ON, Canada) was a
Clinical Laboratory Improvement Amendments—certified com-
mercial facility, and the assays were performed in a contracted
fee-for-service manner in this laboratory. Both laboratories, Xceed
Molecular and Brigham and Women’s Hospital, used exactly the
same model of PCR machines. For all study samples, the gene
ratio test was repeated twice.

Statistical Analysis

Patients were followed until death, and their status was obtained
by contacting their referring physicians and/or families. Survival
time was measured from the date of debulking surgery until
October 1, 2007. Patients who were still alive at the time of the last
follow-up appointment were censored as of that date. Two patients
who were lost to long-term follow-up were also censored at the
date of last contact. Overall survival was estimated by the Kaplan—
Meier method, and the log-rank test was used to compare the
difference between patient subgroups. Cancer-specific survival was
based on the cumulative incidence estimate, with death due to
causes other than malignant pleural mesothelioma treated as a
competing risk. Patients were assumed to have died from malig-
nant pleural mesothelioma if the primary cause of death could not
be determined. A point-wise confidence interval (CI) that was
based on the asymptotic variance was computed by use of log
transformation (22), and the Gray test was used to compare the
cancer-specific survival difference between patient subgroups (23).
The Cox proportional hazards model was used to assess the predic-
tive utility of the gene ratio test on overall survival while control-
ling for the simultaneous effects of other prognostic factors. The
proportional hazards assumption of covariates in the Cox model
was assessed by testing for a nonzero slope of the scaled Schoenfeld
residuals (24). Repeatability of test results between two indepen-
dent determinations was defined as the proportion of specimens
assigned to the same risk group in both runs. When the gene ratio
test was performed on multiple specimens obtained from an indi-
vidual patient, the risk prediction was determined by a majority
rule. Concordance was defined as the proportion of patients with
consistent test results among all the specimens within each indi-
vidual and reported as an average of observed rates in the two
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independent runs. Reproducibility within patients was the propor-
tion of patients with the same risk prediction from two indepen-
dent determinations of the gene ratio test. The 95% confidence
interval for rates of test performance was based on the exact bino-
mial distribution. The statistical analysis was computed with SAS
version 9.1 (SAS Institute, Cary, NC) and R version 2.5.1 (http://
www.r-project.org), including the cmprsk package (http://bio-
www.dfci.harvard.edu/~gray) used for the competing risks analysis.
All statistical tests were two-sided.

Results

One hundred twenty patients were prospectively enrolled in the
study between February 1, 2001, and December 31, 2006. Most
patients were male, and slightly more than half had epithelial
tumors (Table 1). The distribution of sex and histology in this group
mirrors that of patients with malignant pleural mesothelioma in our
practice and in practices at other centers (4,25-28). All patients
underwent extrapleural pneumonectomy, with most also being
treated with intraoperative instillation of heated cisplatin into the
pleural and peritoneal cavities after tumor resection (29,30). The
median follow-up at the time of analysis was 15 months among the
38 patients still alive, and the minimum follow-up was 4 months
after surgery. In the analysis, 32 patients were alive without evidence
of disease, four patients were alive with recurrent disease, 65
patients were dead of disease, 16 patients were dead of other causes,
one patient died without a known cause, and two patients who were
originally from outside the United States were lost to follow-up.

Survival Analysis

The median overall survival was 12.9 months (95% CI = 11.1 to
16.8 months) among the 120 patients (Figure 1, A). Overall survival
was not associated with the use of intraoperative heated cisplatin

Table 1. Patient and treatment characteristics

Value

Total patients evaluable for analysis, No. 120
No. of patients alive at last follow-up 38

Characteristics

Median follow-up from surgery (range), mo 15 (4-58)
Median age (range), y 60 (27-77)
Sex, No. (%)

Male 92 (77)

Female 28 (23)
Histological subtype, No. (%)

Epithelial 68 (57)

Mixed 46 (38)

Sarcomatoid 6 (5)
Intraoperative therapy, No. (%)

Heated cisplatin 92 (77)

No chemotherapy 28 (23)
Tumor stage, No. (%)

T1 4 (3)

T2 36 (30)

T3 52 (43)

T4 28 (23)
Lymph node stage, No. (%)

NO 53 (44)

N1 18 (15)

N2 49 (41)

jnci.oxfordjournals.org

(Table 2), which supports pooling data from the whole cohort for
analysis, although the study was not designed to assess the effect of
chemotherapy. The gene ratio test, which was performed and
applied exactly as previously described (16), was used to assign the
patients to two groups, with 70 (58%) of the 120 patients being
assigned to the good outcome group and 50 (42%) being assigned
to the poor outcome group. Overall survival between the two
groups was statistically significantly (P < .001) different, with the
median for the good outcome group being 16.8 months (95% CI =
12.4 to 25.8 months) and that for the poor outcome group being 9.5
months (95% CI =7.2 to 13.6 months) (Figure 1, B). The gene ratio
test also observed a statistically significant difference in cancer-
specific survival (P = .007), with the median cancer-specific survival
for the good outcome group being 21.9 months (95% CI = 16.7 to
40.7 months) and that for the poor outcome group being 15.9
months (95% CI = 8.6 to 21.0 months). The lymph node status and
histological subtype, two well-established prognostic factors for
malignant pleural mesothelioma, were also strongly related to out-
come in the univariate analysis (Table 2).

We used a multivariable model to analyze patient survival data
that was adjusted for the effects of histological subtype, tumor
stage, and lymph node status as covariates to assess further the
robustness of the gene ratio test (Table 3). The prognostic contri-
butions of both lymph node status (hazard ratio [HR] = 1.97, 95%
CI = 1.15 to 3.38, P = .013) and histological subtype (HR = 1.88,
95% CI = 1.14 to 3.10, P = .013) also remained statistically signifi-
cant in the multivariable model, indicating that the gene ratio test
(HR for death = 2.09, 95% CI = 1.27 to 3.45, P = .004) appears to
provide additional predictive information to current pathological
staging methods. Furthermore, the hazard ratio for the gene ratio
test was in the same range (HR = 2.0-4.6) as that found in our
initial studies (16,19), and those studies used several different plat-
forms for gene expression analysis. These results support the
robustness of the gene ratio test.

Test Properties
The technical assay performance of the gene ratio test was exam-
ined in a set of 51 consecutive patients. Tumors from all patients
were informative and contributed to the analysis. A total of 253
tissue specimens (five from each of 49 patients and four from each
of two patients) were analyzed by quantitative RT-PCR to deter-
mine the properties of the gene ratio test, including run-to-run
repeatability in tissue specimens, tumor cell requirements, and
reproducibility within patients. The repeatability of test results
between two independent determinations was 88.5% (95%
CI =84.0% t0 92.2%). We further examined whether repeatability
could be improved by excluding gene ratio combined scores (ie,
geometric mean of the three gene pair ratios) with numerical val-
ues close to 1 as technically unacceptable (ie, within a margin of
error that rendered test results uninterpretable). We empirically
determined that excluding values of log(gene ratio combination)
from —0.1 to +0.1 improved repeatability to 91.9% (95%
CI=87.4% to0 95.1%), although it decreased the sample size to 221
specimens (excluding 32 or 12.6% of the specimens) because of the
exclusion of uninterpretable results.

Tumor contentin 252 specimens ranged from 0% to 90%, with
a median of 43 %; it was unknown in one specimen. Of these 252
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specimens, tumor content in 22 (9%) was less than 10% tumor; in
20 (8%), it was 10%; and in 144 (57%), it was at least 40%.
Repeatability of the gene ratio test did not appear to be affected by
or related to low levels of tumor content in tissue specimens. Only
five of 252 specimens had no microscopically detectable tumor
cells in either of the two slides stained with hematoxylin—eosin.
These five specimens from three patients represented a minority of
all the specimens available for analysis.

Within-patient variability was determined by computing the
concordance of results from the gene ratio test among the four or
five specimens obtained from each of the 51 patients. Among 79%
of the 51 patients on average between the two independent deter-
minations, the gene ratio test gave consistent results for at least
four of the within-patient specimens tested. In particular, 51% of
the 51 patients exhibited full concordance of test results among all
of their five or four within-patient specimens tested. The gene
ratio predictions for individual patients from two independent

Table 2. Overall survival: univariate analysis*

Overall survival
Median (95% CI), mo P valuet

Group assignment by prognostic
factors and gene ratio test

Tumor stage 118
T1-T2 21.0 (12.7 t0 27.7)
T3-T4 11.8 (9.5 t0 16.4)
Lymph node status .009
NO 21.7 (12.7 to 25.8)
N1-N2 11.1 (8.6 to 14.2)
Histological subtype <.001
Epithelial 16.8 (13.6 to 24.4)
Mixed or sarcomatoid 9.5 (7.2 t0 12.4)
Predictive test <.001
Good risk 16.8 (12.4 to 25.8)
Poor risk 9.5 (7.2 to 13.6)

* The median of overall survival was 12.9 months (95% CI=11.1 to 16.8
months) among the 120 patients. Cl =confidence interval.

T Two-sided log-rank test.
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determinations were reproducible in 96.1% (95% CI=86.5% to
99.5%) of the patients. When 32 specimens with values in the
range of log(gene ratio combination) from —0.1 to +0.1 were omit-
ted from the analysis, the reproducibility was 100% among the 44
patients who could definitively be assigned to a prognosis group in
both determinations. Exclusion of the 32 specimens from this
analysis resulted in an equivocal gene ratio-based prognosis for
seven (14%) patients.

Pleural Biopsy Specimens

We determined properties for the gene ratio test (ie, technical
assay performance) by use of the 242 pleural biopsy specimens (five
specimens from each of 40 patients, four from each of nine
patients, and three from each of two patients) that were analyzed
in two independent quantitative RT-PCRs. The between-run
repeatability of pleural biopsy results was 93.4% (95% CI = 89.5%
to 96.2%). Among 84% of the 51 patients, the gene ratio test gave
consistent results for all specimens or for all but one of the within-
patient specimens tested, including 59% of the 51 patients who
exhibited full concordance of test results among all within-patient
biopsy specimens tested. For pleural biopsy specimens, within-
patient reproducibility of prognosis determined by the gene ratio
test between two independent determinations was 94.1% (95%
CI = 83.8% to 98.8%). Both the repeatability between two inde-
pendent determinations and within-patient reproducibility for
pleural biopsy specimens were as great or greater than those
obtained with tumor specimen portions discussed in the previous
section. We concluded that for predictive analysis, it is adequate
to sample five minimally invasive pleural biopsy specimens from
visible tumors with a tumor cell content of at least 10%.

A Model Combining Molecular and Pathological Predictive
Parameters

We next investigated associations of the gene ratio test and patho-
logical predictive parameters (ie, histology and lymph node status)
with patient survival (Table 3). For this analysis, we assigned a
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Table 3. Overall survival: multivariable model*

Model covariate Adverse effect Comparison group P valuet HR (95% ClI)

Predictive test Poor risk Good risk .004 2.09 (1.27 to 3.45)
Histological subtype Mixed or sarcomatoid Epithelial .013 1.88(1.14 t0 3.10)
Lymph node status N1-N2 NO .013 1.97 (1.15 to 3.38)
Tumor stage T3-T4 T1-T2 443 1.24 (0.71 t0 2.17)

* HR=hazard ratio for death; Cl=confidence interval.
T Two-sided Wald test.

value of 0 or 1 to each of the three predictive parameters: histol-
ogy, lymph node status, and the predictive gene ratio test result.
Specifically, we assigned a value of 1 to mixed or sarcomatoid his-
tology, presence of cancer in a lymph node, and a poor gene ratio
test result, and a value of 0 to epithelial histology, absence of can-
cer in a lymph node, and a good gene ratio test result. This
approach segregated the patients into four distinct survival groups
(Table 4). Median overall survival was 31.9 months (95% CI =
21.9 to 41.7 months) in the low-risk group, 13.6 months (95% CI =
11.5 to 20.2 months) in the low intermediate-risk group, 11.1
months (95% CI = 8.3 to 16.2 months) in the high intermediate-
risk group, and 6.9 months (95% CI = 2.6 to 8.9 months) in the
high-risk group. Moreover, overall survival of the low intermedi-
ate-risk and high intermediate-risk groups was sufficiently similar
so that they were combined into a single intermediate-risk group
(Figure 2). The three-subgroup model was associated with median
overall survival of 31.9 months (95% CI = 21.9 to 41.7 months) in
the low-risk groups, 12.9 months (95% CI = 9.9 to 16.4 months)
in the intermediate-risk groups, and 6.9 months (95% CI = 2.6 to
8.9 months) in the high-risk groups; the rates of overall survival at
3 years were 42%, 12%, and 0%, respectively.

Discussion

We have validated the use of the gene ratio test to predict post-
surgical outcome for patients with malignant pleural mesothe-
lioma by use of prospectively collected clinical data. We previously
developed (16,19) the gene ratio test and showed that a binary test
that was based on three ratios of four genes of mRNA levels in

tumors (e, TM4SF1/PKM2, TM4SFI/ARHGDIA, and
COBLL1/ARHGDIA) could predict postsurgical outcome for
patients with malignant pleural mesothelioma. We found that the
test was repeatable and reproducible when the same specimen set
was used in independent determinations and when determinations
with the same specimen set were performed by different person-
nel, with different instruments, at separate laboratories, and at
different times. These findings indicate that tumor specimens
selected by a clinician on the basis of their appearance should be
sufficient to ensure consistent test results for each patient tested.
We identified a working range for improving the test properties
in terms of repeatability between two independent determinations
and reproducibility within patients (for poor outcome, combined
score of less than 0.905 or less than —0.1 on a log scale, and for
good outcome, combined score of greater than 1.105 or greater
than +0.1 on a log scale) and also found that highly reproducible
results could generally be obtained by using five samples per
patient. We further demonstrated that pleural biopsy specimens
from a visible tumor were generally adequate for analysis even
when the tumor content was relatively low. We concluded that for
predictive analysis, it is adequate to sample five minimally invasive
pleural biopsy specimens from visible tumors with a tumor cell
content of at least 10%.

The gene ratio test for malignant pleural mesothelioma has
several advantages over standard gene expression—based predic-
tive algorithms with widespread usage (7). Since the seminal
paper in the field by Golub et al. (31), there have been many
reports of microarray data used to classify samples; to identify
predictive genes in cancer; and to develop cancer diagnosis,

Table 4. Combined predictions algorithm: patients with malignant pleural mesothelioma after surgery (ie, extrapleural

pneumonectomy)*

Model and risk group  Risk factort Patients, No. (%)

0S (95% Cl), %

Median OS, mo (95% Cl) 1y 2y 3y

Four subgroups

Low 0 21 (18) 31.9(21.9t0 41.7) 84 (69 to 100) 68 (47 to 97) 42 (20 to 91)
Low intermediate 1 44 (37) 13.6 (11.5 10 20.2) 57 (43 to 75) 23 (11 to 46) 18 (8 to 42)
High intermediate 2 40 (33) 11.1 (8.3 t0 16.2) 49 (35 to 68) 11 (2 to 53) 0

High 3 15 (12) 6.9 (2.6 t0 8.9) 18 (6 to 57) 0 0

Three subgroups#

Low 0 21 (18) 31.9(21.9 to 41.7) 84 (69 to 100) 68 (47 to 97) 42 (20 to 91)
Intermediate 1-2 84 (70) 12.9 (9.9 to 16.4) 53 (43 to 66) 20 (11 to 35) 12 (6 to 30)
High 3 15 (12) 6.9 (2.6 t0 8.9) 18 (6 to 57) 0 0

* OS=overall survival, Cl=confidence interval.

T Total number of adverse risk factors among mixed or sarcomatoid histology, presence of cancer in a lymph node, and a poor predictive gene ratio test result.

¥ In this model, the intermediate-risk groups from the four-subgroup model were combined.
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Figure 2. Overall survival of patients Intermediate
with malignant pleural mesothelioma
after surgery from combined prediction 201 204
models (as defined in Table 4). A) Model
for four subgroups of patients. B) Model High |,
for three subgroups .of patients. Hash 0- High Intermediate 0 —
marks = censored patients; N = number " " " " . . . .
of patients at risk; S = Kaplan — Meier 0 12 24 36 48 60 0 12 24 36 48 60
survival point estimate as percent; 95% Time, months Time, months
- 0, H 1
Cl= 95Aa cgnﬂdence interval for the N 21 14 7 3 N 21 14 7 3
survival estimate. s 84% 68% 42% Low s 84% 68% 42% Low
(95% Cl)  (69-100%) (47-97%) (20-91%) (95% CI) (69-100%) (47-97%) (20-91%)
N 44 21 5 3 Low N 84 38 6 3
S 57% 23% 18% Intermediate S 53% 19% 12% Intermediate
(95% Cl)  (43-75%) (11-46%) (8-42%) (95% Cl)  (43-66%) (11-35%) (6-30%)
N 40 17 1 0 High N 15 2 0 0
S 49% 1% 0% Intermediate S 18% 0% 0% High
(95% Cl)  (35-68%) (2-53%) (95% Cl)  (6-57%)
N 15 2 0 0
s 18% 0% 0% High
(95% Cl)  (6-57%)

prognosis, and predictive tests, most of which used microarrays
to develop a predictive algorithm in a training set of specimens
and validated the same platform and algorithm by use of a com-
parable independent validation set of specimens (7). In previous
research (32), most specimen sets tested have been assembled
retrospectively from tumor banks, specimen quality has rarely
been assessed, and the algorithms used have typically been quite
complex and required analysis of the expression of many genes.
Consequently, data from these approaches have not been easy to
reproduce. In addition, industry standards have not been devel-
oped that would allow the straightforward translation of these
tests into clinical use.

There have been very few instances of later validation with
prospectively obtained specimens (11,13) and no instance that uses
alternative platforms. Only two such tests are presently available
for clinical use in the United States: MammaPrint (Agendia BV)
and Oncotype DX (Genomic Health). MammaPrint uses expres-
sion patterns of 70 genes to identify patients after surgery for
breast cancer who are at high risk of recurrence (11,13) and was the
first mRNA microarray-based assay to be approved by the Food
and Drug Administration. Oncotype DX uses expression levels of
21 genes to predict the likelihood of breast cancer recurrence after
surgery for breast cancer (12). Neither test addressed sample char-
acteristics comprehensively including the minimal required tumor
cell content, the effects of sample handling on test quality, nor
other quality control measures. Both of these tests are presently
being used to determine which patients might benefit from addi-
tional chemotherapy by identifying high risk of recurrence, but
neither test was designed or validated to predict outcome after any
available therapy (33).

In this study, a previously identified gene ratio test appears to
predict preoperatively who will benefit from a specific cancer
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therapy (ie, surgery). This test can thus likely be applied informa-
tively in a more widespread manner to the subset of patients with
malignant pleural mesothelioma who are considering surgery. In
current clinical practice, cancer-specific risk factors used to predict
outcomes after surgery for malignant pleural mesothelioma are
histological subtype, lymph node status, resection margin status,
and stage. The limitation of these risk factors is that none can be
determined definitively until after major surgery (4,25). A positive
mediastinoscopy is certainly an indicator of poor prognosis, but
this procedure has a relatively low sensitivity, and a negative find-
ing does not rule out lymph node metastasis associated with poor
outcome (26). In addition, half of patients with malignant pleural
mesothelioma whose final pathology at the time of definitive sur-
gery indicate a mixed histology tumor were found to have only
epithelial histology upon initial diagnosis before surgery because
of inadequate sampling highlighting the limitations of preopera-
tive subtyping (25). Therefore, a minimally invasive test that can
be performed before the major surgical intervention and that can
accurately predict postsurgical outcome is likely to be clinically
useful. Tissue specimens for the gene ratio test can be obtained, for
example, at the time of pleuroscopy and mediastinoscopy that are
performed to confirm the diagnosis and surgical staging, although
we did not examine such specimens in this study. A sufficient num-
ber of biopsy specimens are usually taken during routine patient
workup to provide adequate tissue for the gene ratio analysis.
Patients assigned to the predicted poor outcome group, particu-
larly when other established prognostic factors such as histology
and lymph node status are also suggestive of poor outcome, could
be counseled to forgo surgery, which would not benefit them, and
to seek best supportive care. They could alternatively be encour-
aged to participate in more rationally targeted clinical trials of
nonsurgical modalities.
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Our study is not without limitations. For example, it may be to
some degree biased by the fact that enrolled patients made an a
priori decision to undergo aggressive surgical therapy and that the
specimens were obtained at extrapleural pneumonectomy rather
than at a preoperative staging procedure. Thus, it may not be
applicable to all patients with mesothelioma, particularly to older,
less fit patients. However, given that the size of pleural biopsy
samples that we obtained is identical to that obtained at pleuros-
copy and pleuroscopy allows direct observation and selection of
tumors for biopsy, we expect that similar results will be observed.

Unfortunately, most therapies for malignant pleural mesothe-
lioma do not work and the median survival is short (1,2). A dou-
bling of the median survival to approximately 16 months, as we
found in the good prognosis group, is highly statistically signifi-
cant and clinically relevant. Patients whose gene ratio test results
predict a good prognosis after surgery may more confidently
select the treatment option that includes surgery. We suggest that
ultimately, this strategy will lead to improved survival after sur-
gery (because those unlikely to benefit from surgery will be
excluded from surgical treatment), will minimize undue expense
and surgical trauma to patients who are unlikely to benefit from
surgery, and will allow improved comparisons among patients
within individual predictive groups between clinical centers and
within clinical trials. In this study, we examined a cohort of
patients whose treatment was not modified by the results of the
predictive test. Another important step will be to apply the gene
ratio test to patient specimens collected before clinical interven-
tion to validate the incorporation of results from this test into
decision making for patient treatment. Our findings also point
to the possible applicability of other gene expression ratio tests to
other cancers because of its many technical strengths, simplicity,
and robustness of this method.
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