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cleared by the US Food and Drug Administration
(FDA) for clinical use. Since OVA1 clearance in
2009, a number of IVDMIA tests have been used in
clinical applications. Some of these tests have sought
regulatory approval/clearance, whereas others have
been offered as a laboratory-developed test (LDT).
In this review, OVA1 is used to explain the con-
cept behind IVDMIA, the use of multiple markers
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An In Vitro Diagnostic Multivariate Index Assay for Ovarian Cancer continued

to improve clinical performance of
a diagnostic tool, and the key con-
siderations in the development of
IVDMIA.

What Is an IVDMIA?
In a 2007 draft guideline,' the FDA
defines an IVDMIA as

. a device that 1) combines the
values of multiple variables using
an interpretation function to yield
a single, patient-specific result (e.g.,
a “classification,” “score,” “index,”
etc.), that is intended for use in the
diagnosis of disease or other con-
ditions, or in the cure, mitigation,
treatment or prevention of disease,
and 2) provides a result whose deri-
vation is non-transparent and can-
not be independently derived or
verified by the end user.

The use of multiple tests (bio-
markers) itself is not new. In fact,
it has been practiced by physicians
routinely when they order multiple
tests or panels to assist in their dif-
ferential diagnostic decision pro-
cess. A simple example is the use
of leukocyte levels (white blood cell
count [WBC]) to rule out bacterial
infection in patients who present
with high fever. A slightly more
complex example is the use of the
ratio of two tests: free (unbound)
and total prostate-specific antigen
(%free PSA). A lower %free PSA is
indicative of elevated risk of pros-
tate cancer.’ However, when the
number of tests increases and/or the
disease-associated patterns among
the tests are complex, simple visual
inspection of test results (eg, WBC)
or calculation of ratios becomes
inadequate. Instead, advanced
mathematical and computational
tools become necessary to derive
multivariate models that capture
the signatures or patterns of disease
among an often large number of
biomarkers. The tools used to derive
such models as well as the resultant
models that produce the indices are

often not obvious or readily under-
standable to those who are respon-
sible for the interpretation of the
results. This can occasionally cause
unease in the adoption of IVDMIA
in clinical practice.

Why IVDMIA?

The Pros and Cons

The advantages of IVDMIA in
comparison with a single bio-
marker assay are based on the
premise that the single-valued
index, with its aggregated infor-
mation from complementary bio-
markers, will outperform each of
its component biomarkers used
individually. Figure 1 illustrates
this concept through a simulated
example. Biomarkers A and B both
have a decent ability to separate the
cases (red squares) from the con-
trols (filled green circles). However,
ifthe intended clinical use demands
an extremely high sensitivity, nei-
ther of the biomarkers will be
able to achieve that end without a
significantly sacrificed specificity.

Figure 1 illustrates that a simple
linear model combining the two
biomarkers using methods such as
linear regression is able to achieve
a higher level of sensitivity while
retaining much of the specificity.
The classification performance is
improved further through the use
of a nonlinear model.

Within the short span of a
decade, technological advances in
genomic and proteomic analysis
and development of multiplex assay
platforms have made it possible to
analyze a large number of biomark-
ers and to use their information
collectively to assist in clinical deci-
sion making. In order to integrate
information from a large number
of biomarkers and capture the pat-
terns of expressions for a disease
indication with multiple underlying
molecular characteristics, advanced
computational and statistical tools
must be used to derive the IVDMIA
models. The corresponding high
dimensionality of data and complex
decision boundary will be difficult
to visualize. However, the basic

Figure 1. Simulated data for two biomarkers. Red squares, cases; filled green circles, controls. The blue dashed
line illustrates a linear model that combines the two biomarkers to achieve better separation of the two
classes of samples than either of the biomarkers used alone. The red line is an example of a nonlinear model

that can further improve model performance.
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concept behind the use of the mul-
tivariate model to improve clinical
performance of tests remains the
same as in the simple two-variable
example illustrated in Figure 1.

Along with the advantages of
IVDMIA, there are also certain dan-
gers in its development and appli-
cation. The ability of multivariate
models to capture complex patterns
in high-dimensional data also means
that non-disease-related artifacts
that happen to confound the disease
status of the samples used to train
the models will also be captured.
Examples of such artifacts could be
the result of biases in the selection of
cases and controls when the train-
ing samples are from a retrospec-
tive, case-control study or subtle
differences in conditions during
the collection, storage, or process-
ing of specimens.>* Such biases have
resulted in models that were reported
to have extremely high-level clinical
performance yet ultimately failed or
have not had their results replicated
in further independent studies.’”
Great care needs to be taken in the
design of clinical studies from which
samples are drawn and the actual
usage of samples during the devel-
opment of IVDMIA. An example of
good design is based on the concept
of “prospective collection of samples
and outcome ascertainment in the
clinical context of interest with bio-
marker assays of random subsets
of cases and controls,” as in PRoBE
(prospective specimen collection,
retrospective  blind  evaluation)
study design. It avoids many of the
common sources of biases and con-
founding factors.®

Considerations During the
Development of an IVDMIA

With the explosive advances in
genomic and proteomic research,
discoveries of novel biomarkers or
new applications of existing bio-
markers have become frequent

events reported in the literature.
However, for biomarkers to make
their way into an IVDMIA and even-
tually become part of a commercial
product in clinical use, the path is
often long and difficult, involving
a phased process of gathering and
building evidence of clinical efficacy
and the development of an analyti-
cally stable assay platform.

The development of an IVDMIA
must be driven by a clearly defined
intended use. The intended use
defines the time point along the

cancer, cancer antigen 125 (CA-125)
remains the best tumor marker. The
selection of additional biomarkers,
therefore, will be based mainly on
their ability to detect malignancy
in cancer patients with a low serum
CA-125 level or to reduce false-
positive results among noncancer
patients with an elevated serum
CA-125 level.

The decision to develop an
IVDMIA as a commercial prod-
uct is a significant commitment of
resources and effort, and should be

[

disease path at which the IVDMIA
is to be used. This in turn defines
the target population of the test, the
utility of the test in terms of changes
in clinical intervention it may cause,
and the consequences of false-
positive or -negative results. For
IVDMIA development, the intended
use determines the inclusion and
exclusion criteria of subjects of stud-
ies from which the training data are
generated and the patient popula-
tions in which the final IVDMIA
are to be validated, the criteria
for the selection of biomarkers to
be included, and the minimum
requirement to establish efficacy.
From the point of view of product
commercialization, the definition
of intended use requires compro-
mise between the desire for a wider
applicability of the IVDMIA and
the ability, cost, and time required
to prove its safety and efficacy for
regulatory approval.

The inclusion of biomarkers in an
IVDMIA requires that they are com-
plementary and collectively outper-
form a single marker with respect
to the test’s intended use. It is not
always true that biomarkers with the
highest discriminatory power indi-
vidually will make the best panel of
markers in an IVDMIA. For ovarian

based on solid scientific evidence.
As discussed, biomarker data gen-
erated from clinical specimens of
a retrospective, case-control study
are susceptible to effect of biases
and confounding factors. Due to
the practical constraints on how
specimens from cases and con-
trols are handled differently in a
clinical setting, some of the biases
might be wunavoidable. Results
from a single-site study alone,
no matter how strong the results
might be, are often not sufficient
to extrapolate an IVDMIA’s future
performance at different sites. In
practice, the portability of disease-
associated patterns of expressions
of the selected biomarkers across
multiple independent clinical
sites is often a more important
piece of evidence in making go
or no-go decisions in IVDMIA
development.

The defined intended use can
also be used to influence the deriva-
tion of the multivariate model in an
IVDMIA. In the optimization pro-
cedures used in model derivation, it
is often possible to incorporate the
desired clinical performance char-
acters, such as the need for high
sensitivity, into the objective func-
tion used in optimization.
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Development of OVA1
OVAL is the first IVDMIA of pro-
tein biomarkers cleared by the
FDA to further assess the likeli-
hood of malignancy in women pre-
senting with an ovarian adnexal
mass prior to planned surgery.
OVA1 combines results from five
tests—CA-125II, prealbumin, apo-
lipoprotein A-1, f2-microglobulin,
and transferrin—into a single-
valued index between 0 and 10;
a higher value corresponds to a
higher risk of malignancy. Two
cutoffs at 5.0 and 4.4, for pre-
and postmenopausal women,
respectively, are used to classify
a woman into higher or lower
probability of malignancy. In a
large-scale, multicenter, prospec-
tive clinical study, it was reported
that, among the 516 patients who
had both physician assessment
and OVA1 values, the addition
of OVAL1 to physician assessment
improved sensitivity from 72.2%
(52/72) to 91.7% (66/72) for non-
gynecologic oncologists and from
77.5% (69/89) to 98.9% (88/89) for
gynecologic oncologists.” Such
noticeable improvement in sensi-
tivity translates into a high nega-
tive predictive value (NPV), which
is a clinically important measure
to assure physicians and patients
that the risk of malignancy will
be low for patients who have a
negative result by OVAL. In fact,
the 92.5% (149/161) sensitivity of
OVAL itself will produce an NPV
0f 92.9% (156/168). Further details
of this study and a companion
analysis using OVA1 in place of
CA-125 in the American Congress
of Obstetricians and Gynecologists
ovarian tumor referral guidelines
have been previously reported.”'
The target population for OVAL,
women who have planned to have
surgery due to suspected risk of
ovarian cancer yet have not been
referred to a gynecologic oncolo-
gist, represents a real clinical need.

A number of clinical studies have
indicated that ovarian cancer
patients referred to a gynecologic
oncologist for their surgeries are
more likely to have a better outcome,
including surgical staging, optimal
debulking, and improved median

results for patients who actually
have malignant diseases.

Except for CA-125, the bio-
markers in the OVAI1 panel were
part of seven biomarkers discov-
ered through large-scale pro-
teomic analysis of clinical serum

~

for primary surgery.

and overall 5-year survival.'''¢
However, currently only about one-
third of ovarian cancer patients are
referred to a gynecologic oncolo-
gist for primary surgery.'”’* OVAI
provides additional information
to help guide the referral decision
process.

The addition of OVAL to clini-
cal assessment brings signifi-
cant improvement in sensitivity.
This is, however, at the cost of a
reduced specificity. Ideally, one
would like to have an assay that is
both highly sensitive and specific.
Unfortunately, a study that system-
atically evaluated a large number of
reported ovarian cancer biomark-
ers using samples from the National
Cancer Institute’s PLCO (Prostate,
Lung, Colorectal, and Ovarian
Cancer) screening trial concluded
that none of these biomarkers are
likely to offer such an ideal level
of performance.”” During the con-
struction of the OVA1 multivariate
model and the choice of cutoff val-
ues, a conscious decision was made
to emphasize the need for a high
sensitivity. This decision took into
consideration the need to mitigate
the safety concern of OVA1l with
respect to its predefined intended
use. Because OVAL is to be used
prior to the decision to refer to a
specialist, a high sensitivity mini-
mizes the risk of false-negative
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A number of clinical studies have indicated that ovarian cancer
patients referred to a gynecologic oncologist for their surger-
ies are more likely to have a better outcome, including surgical
staging, optimal debulking, and improved median and over-

all 5-year survival. However, currently only about one-third of
ovarian cancer patients are referred to a gynecologic oncologist

samples from multiple centers.?>*!
Statistically sound designs and
robust bioinformatics tools were
used to alleviate the impact of
biases and confounding factors.”
Prior to the derivation of the
actual OVA1 model and commit-
ment to start a multicenter clinical
study to seek regulatory clearance
of OVA1l, these biomarkers were
turther validated for the above-
mentioned evidence of portability
of the biomarkers’ discriminatory
power across multiple indepen-
dent clinical sites. In Figure 2(A),
prospectively collected clinical
samples from patients of benign
or malignant ovarian tumors at a
single clinical site were clustered
using principal component analy-
sis (PCA) and plotted in the first
two PCA dimensions. Because
PCA is an unsupervised method
in which the samples’ clinical labels
were not used, the two-dimensional
PCA plot shows the natural sepa-
ration of cancer and benign cases
due to the discriminatory power of
the seven biomarkers. In Figure 2B,
retrospective samples from five
additional clinical sites were plot-
ted using the same PCA projec-
tion coefficients as for the plot
in Figure 2A. It can be seen that
the pattern of separation persists
from site to site, representing
geographically extremely distant
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Figure 2. Evidence of the portability of a biomarker’s ability to extend its discriminatory power to samples from independent and geographically distant clinical sites.
(a) Plot of an unsupervised cluster analysis of samples from a prospective study at a single site. The plot shows the samples in the first two-dimensional principal com-
ponent analysis (PCA) of data from seven ovarian cancer biomarkers (not including CA-125). (b) Using the same PCA projection coefficients from A, samples from five
additional geographically distant clinical sites are plotted in the same two-dimensional PCA component space. The persistence of clustering patterns and separation
between benign and malignant ovarian tumors from site to site is an important piece of evidence to support further IVDMIA development. Four of the seven biomark-
ers were late added to CA-125 to form the OVA1® (Vermillion, Inc., Austin, TX) biomarker panel.

locations. Although for assay ana-
lytical performance reasons only
four of the seven biomarkers were
added to CA-125 to form the OVA1
panel, and the final assay forms are
not the same as those used for the
plots, this piece of evidence played
an important role in the decision to
develop the OVA1 IVDMIA.*

The training samples of OVALl
were from two prospectively col-
lected sample sets. The first set
included 274 consecutive samples
from the University of Kentucky
(UKY) Medical Center (167 benign,
29 low malignant potential [LMP]
tumor, 63 epithelial ovarian cancer
[EOC], 3 other ovarian cancer, and
12 other cancer). The second set con-
sisted of 125 samples from a multi-
center, prospective study (33 EOC
and 92 benign). Both sample sets had
similar inclusion and exclusion cri-
teria that required the subjects to be
women aged 18 years or older diag-
nosed with an ovarian tumor and
a subsequently confirmed malig-
nancy status by surgery. The use of
these samples in multivariate model

derivation involved extensive statis-
tical resampling (bootstrap) to select
and test models that are likely to have
a robust performance and generalize
well in patients from different clini-
cal sites. Figure 3 shows the usage
of training samples in OVA1 model
derivation. Iterations of training ses-
sions in which the composition of
training samples were altered each
time by bootstrap resampling gener-
ated many multivariate models. The
selection of the final OVAl model
was based on model performance
on training samples, in-training test
samples, and a set of set-aside sam-
ples that was a randomly selected
half of the UKY samples and never
used in model training.

Conclusions

Advances in genomic and pro-
teomic technologies and the push
for personalized medicine have
driven the development and appli-
cation of biomarkers for risk assess-
ment, early detection, diagnosis,
prognosis, treatment selection, and
monitoring. However, the need

for evidence-based medicine also
demands that such applications
are based on scientific data from
statistically sound clinical studies.
IVDMIA combines multiple bio-
markers into a single-valued index
and therefore makes it possible to
validate its clinical utilities using
well-established procedures and
protocols similar to that for tradi-
tional IVD tests.

The collective use of multiple bio-
markers offers some level of flexibil-
ity during IVDMIA development to
shape its performance characteristics
for a specific clinical application. It is
therefore of paramount importance
to have a clearly defined intended use
prior to committing into a full-
fledged IVDMIA development pro-
gram. In this article, OVA1 was used
asan example to illustrate several key
elements inthe development of
IVDMIA. The current intended use
of OVAL is supported by a large-
scale, prospective, multicenter clini-
cal study. The performance
characteristics of OVAL, to a large
degree, were by design optimized for
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TRN1: Multicenter set (n = 125)

UKY set (n = 274)

Y

Y

TRN2: 50% UKY set TST: 50% UKY set

BtTRN: TRN1 + randomly
selected 60% of TRN2

BtTST: remaining 40%
of TRN2

Y

Model Training

Iterations of training
sessions with
resampling of TRN2

Model
Evaluation

Saved Models —>

Final Model
Selection

Figure 3. Data usage diagram for the derivation of

OVA1® (Vermillion, Inc, Austin, TX) multivariate model.

During model derivation, 50% of the University of Kentucky (UKY) samples were randomly selected as a set-
aside test set. The remaining 50% of the UKY samples became TRN2. In each of the iterative training sessions,
TRN2 was resampled to add to TRN1 (the multicenter samples) to form an actual training set btTRN. The
remaining samples of TRN2 served as btTST for in-training testing. The set-aside set was not directly involved
in model derivation. It contributed to the selection of a pool of candidate models and the final choice of the

OVA1 model.

its predefined intended use and lim-
ited by the discriminatory powers of
its component biomarkers. It is
expected that with ongoing effort to

introduce additional or replacement
biomarkers, the performance of
future successors of OVAl will be
further improved. ]
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