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The Incidentalome

CLINICIAN'S CORNER

A Threat to Genomic Medicine
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ENOMIC MEDICINE IS POISED TO OFFER A BROAD AR-

ray of new genome-scale screening tests. How-

ever, these tests may lead to a phenomenon in

which multiple abnormal genomic findings are
discovered, analogous to the “incidentalomas” that are of-
ten discovered in radiological studies. If practitioners pur-
sue these unexpected genomic findings without thought,
there may be disastrous consequences. First, physicians will
be overwhelmed by the complexity of pursuing unex-
pected genomic measurements. Second, patients will be sub-
jected to unnecessary follow-up tests, causing additional mor-
bidity. Third, the cost of genomic medicine will increase
substantially with little benefit to patients or physicians (but
with great financial benefits to the genomic testing indus-
try), thus throwing the overall societal benefit of genome-
based medicine into question. In this article, we discuss the
basis for these concerns and suggest several steps that can
be taken to help avoid these substantive risks to the prac-
tice of genomically personalized medicine.

Diagnostic Testing and Incidental Findings

Physicians are generally trained to order tests carefully and
only if such tests will result in a change in management. For
this reason, much time is spent deciding if a renal panel with
7 blood measurements should be expanded to a compre-
hensive panel with 20 or more measurements. Physicians
know that as the number of tests increases, the chance that
a spurious abnormal test result will arise also increases. They
also know that it is difficult to ignore abnormal findings,
and they often must embark on a sequence of more expen-
sive tests to investigate the findings. Furthermore, the sig-
nificance of an abnormal finding is related to the preva-
lence of disease in the population from which the tested
patient is drawn. Therefore, if the risk associated with the
finding was established in a population with a high preva-
lence of disease, the rate of false-positive results when test-
ing in a population with a lower rate of disease will be much
higher.
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There is a rich literature in radiology on the “incidenta-
loma,” which is a finding (most commonly a mass) found
on computed tomography or magnetic resonance imaging
studies ordered for symptoms or concerns totally unre-
lated to the gland in which the mass is found. The workup
of an incidentaloma is complicated by concerns that it may
be associated with malignant disease and, at least initially,
the lack of good data on the prevalence of malignant dis-
ease in the general population. Incidentalomas occur be-
cause imaging modes do not only report on the areas of di-
rect clinical concern but, incidentally, report on all organs
in the field of view.!

This phenomenon of possible incidental genomic find-
ings—the incidentalome—threatens to undermine the prom-
ise of molecular medicine. In particular, the application of
comprehensive genotype and functional genomic measure-
ments across the general population is likely to yield un-
expected incidental findings for nearly everyone. Of course,
there are important differences in the interpretation of ge-
nomic data and radiological data (eg, discovering inciden-
talomas may be lifesaving), but the potential similarity is
that the clinician and patient are confronted with results that
they did not anticipate when the test was ordered.

The sequencing of the human genome has brought in-
creasing interest in the use of genome-scale technologies to
measure individual variation in the human genome. A va-
riety of technologies have emerged that make it economi-
cally attractive to assess the structure and function of hun-
dreds of thousands of genes simultaneously. Although all
humans share more than 99.8% of their genome DNA se-
quence, the remaining 0.2% (along with environmental ex-
posures) is responsible for much of the variation in risk of
disease and response to therapies. Recent reports indicate
that more than 300 000 single-nucleotide polymorphisms
can be measured on an individual genome for a few hun-
dred dollars.” Clinical genomics studies have shown that the
expression pattern of thousands of genes can differentiate
cancer cells from normal cells and can distinguish sub-
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types of cancer,’” inflammatory bowel disease,*’ neurode-
generative disease,*® and many others.'

Many companies are competing to create high-
reliability, high-throughput assays for measuring thou-
sands of genotypes and cellular phenotypes in order to cre-
ate the infrastructure for molecular medicine. In many cases,
comprehensive panels are being created that provide mea-
surements of large numbers of genomic variables. These pan-
els raise the possibility that clinical use of genomics may
not be entirely focused on specific gene variants but may
also include a number of related variants. For example, one
panel accurately measures more than 30 polymorphisms in
just 2 genes. These genes come from a group of more than
200 that may be important for drug dosing, so future gen-
erations of this panel may test for 200 X 15=3000 polymor-
phisms. In the best case, this infrastructure will provide the
basis for genome-informed medical decision making that will
lead to diagnoses and therapies that are more targeted, have
reduced variability in outcome, maximize efficacy, and mini-
mize adverse effects.

Potential Implications of Genomic Testing

The following 3-part hypothetical scenario illustrates some
of the implications of application of genomic testing:

There exists a single genomic test that has 99.9% sensitiv-
ity (true-positive rate) and a false-positive rate of 0.1% (ie,
specificity or a true-negative rate of 99.9%) for a rare treat-
able disease, “X.” For comparison, cystic fibrosis tests have
been reported with 99% sensitivity'' and BRCA1 testing shows
a sensitivity of 81% when the false-positive rate is 42%."2 The
hypothetical test in this case was developed in a study of fami-
lies with disease X, and it works well on this population, which
has a disease prevalence of 1 in 1000, much greater than in
the general population. Specifically, if 1000 individuals from
this population are tested, then there will be 1 true-positive,
1 false-positive, and 998 true-negative results. Two individu-
als (those with the true-positive and false-positive results) are
tested further at some expense; the one with the true-
positive result is given a diagnosis and is treated. The person
with the false-positive result is tested and disease is ruled out.
The conclusion in this case is that genome measurements are
useful for diagnosing disease X. This occurs because the pre-
test probability of disease of 0.001 yields a posttest probabil-
ity of 0.5 if the test result is positive, the sensitivity of the test
is 0.999, and the false-positive rate of the test is 0.001, using
the Bayes theorem."

However, if this same genomic test is applied to the gen-
eral population (with no such occurrence of the disease in
their kinship), the overall disease prevalence is 1 in 100 000,
or a pretest disease probability of 0.00001. If a general popu-
lation of 10 000 000 individuals is tested, 100 will have the
disease, 10 000 people will test positive with no disease, 100
people with disease will be missed, and 9989 900 people
will have a negative test and no disease. Thus, 10 100 people
test positive and require follow-up. One hundred are accu-
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As the number of tests increases to 10 000, the fraction of the population that has
a false-positive test result increases to more than 60%. Any large-scale genomic
panel is therefore likely to routinely report false-positive results. The data for this
figure were generated by running a simulation in which a population of 100 000
was tested with 1 through 10000 tests, each with a sensitivity of 100% and a
false-positive rate of 0.01%. That is, 10 individuals with false-positive tests were
randomly selected from the population for each test. Because some individuals
could be selected more than once with a larger panel of tests, the increase in the
number of individuals with false-positive test results is less than linear.

rately identified as having the disease, but the cost of doing
so is very high because 10 000 have a workup and are found
to not have the disorder. Thus, in this population a posi-
tive test result raises the posttest probability that an indi-
vidual has disease only from 0.00001 to 0.0099, or less than
1in 1000. Now, the conclusion is that this is a poor test for
screening and leads to too many false-positive results. This
problem will be replayed with individuals coming from dif-
ferent ethnic and geographic backgrounds. As demon-
strated by the HapMap project,'* these populations can dif-
fer in the frequencies of several genomic markers.

The first example illustrates the use of a single genomic
test. What if the general population is screened for several
genetic variants at once? Suppose there is a panel of ge-
nomic tests, each with superb testing performance: a sen-
sitivity of 100% and a false-positive rate of 0.01%. That is,
of 100 000 individuals, each test will only produce 10 false-
positive results. Assuming a disease prevalence of 1 in
100000, in a population of 100 000 the number of true-
positive results will increase by 1 with each additional test.
The increase in the number of false-positive results will be
10 with each independent test, but some individuals will
be subject to multiple false-positive results; therefore, the
increase of the number of individuals with a false-positive
result will be slightly less than 10 per test. The FIGURE shows
the increase in the proportion of individuals with a false-
positive test result under these assumptions. As illustrated,
with 10000 independent tests, more than 60% of the en-
tire population tested would have false test results.
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There now exist genomic panels with hundreds of thou-
sands of tests (eg, whole-genome single-nucleotide poly-
morphism microarrays currently used in experimental set-
tings). Not all of these tests are independent, but they also
do not have the stringent sensitivity and false-positive rate
of this example. Even an order of magnitude fewer falsely
“diagnosed” cases would extract enormous financial and
health costs from our society.

Unfortunately, even if genomic tests were to achieve
the unrealizable—100% sensitivity and a false-positive rate
of 0—the risks of the incidentalome remain. A significant
pathological disease burden never reaches clinical signifi-
cance and is unrelated to the ultimate cause of death. For
example, a high number of incidental pituitary microad-
enomas are found in cadavers," and a large number of pros-
tate carcinomas accurately diagnosed after the finding of an
elevated prostate-specific antigen level in all likelihood would
not contribute to an individual’s death.'® It is highly likely
that a substantial proportion of these incidental findings will
be partly accounted for by genetic risk factors measured in
an accurate comprehensive genomic test panel. One hun-
dred percent accurate identification of such incidental pa-
thologies will lead to iatrogenic pathology. That is, these real
findings without realistic clinical importance can lead to ag-
gressive diagnostic and therapeutic investigations in an oth-
erwise healthy individual.

Genomic Medicine in Clinical Practice

For genomic medicine to achieve economies of scale, it may
be tempting for vendors to offer technologies for measuring
multiple genomic measurements simultaneously, not just the
few that are relevant to the clinical question. Physicians or-
dering these tests will be put in a difficult position: ignore the
results of incidental findings (and take on the risk of liability
should they be clinically meaningful), refrain from ordering
the tests (and bring genome-informed medicine to a stand-
still), or feel compelled to spend millions of health care dol-
lars with more expensive “gold standard” tests (either order-
ing individual tests immediately or alerting the patient and
watching and testing them over long periods) to follow-up on
these test results. Patients would have printouts from the In-
ternet describing all the diseases associated with their own ge-
netic testing results. Physicians would soon realize that these
tests are not appropriate for their patients and would prob-
ably stop using them altogether. Some authors have sug-
gested that a generic genetic consent process could limit the
requirement for following up on genetic information of lim-
ited value.!” Lacking these, insurance companies, employers,
and governments could conclude that genetic testing is noisy
and imprecise and should not be pursued as a matter of fiscal
responsibility and in the best interests of patients.

Can this scenario be avoided and benefit still be derived
from the tremendous promise of genomic medicine? The
following key actions may help to avoid these genomic
doomsday scenarios caused by the incidentalome.
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First, the overall disease prevalence for all diseases with
a genetic component must be estimated in the general popu-
lation per ethnic group. Of course, the definition of an eth-
nic group is difficult but can be informally defined as a col-
lection of individuals with substantially shared ancestry.
Operationally, each such human population should be iden-
tified and defined at a granularity compatible with avail-
able resources. This will allow the sensitivity and false-
positive rate of each individual genomic test to be combined
with prevalence to estimate the real overall risk of a posi-
tive test result based on approximate ancestry.

This is not an easy task, but an initial analysis would at
least indicate those disease prevalences that vary widely across
populations, and thus deserve more consideration when cre-
ating genetic tests. This will enable physicians to under-
stand the incredibly low risks for most incidental findings,
and appropriately ignore them. The Online Mendelian In-
heritance in Man resource currently has 16 600 entries de-
scribing abnormal genotypes, phenotypes,'® or both, which
probably represent only a small fraction of diseases that must
be characterized with respect to genetic risk. In addition to
cataloging the prevalence of disease, it will be important to
document the population-based prevalence of polymor-
phisms, not just at the 5% or 10% level, but at the level that
will be measured in the population. Rare disease-
associated genetic variants with 1-in-10 000 frequency
(0.01%) will be present in 35 000 persons in the United States
(assuming a population of 350 million). Obtaining this level
of detail will require mobilizing a large proportion of the
population as study participants for estimating risk. The so-
ciological and legislative challenges of such an effort will
dwarf the technical challenges.*

Second, information systems must be created for use in the
clinic and at the bedside for estimating and explaining the
risks associated with various incidental genomic findings. The
current interest and emphasis on a national health informa-
tion infrastructure in the United States is reassuring in this
regard, but the need for this infrastructure to enable genome-
informed medical decision making is not generally cited as a
prime driver. Physicians must have ready access to the sig-
nificance and risks of positive genomic results so they can
understand the real risks to their patients, explain them, and
make cost-effective decisions about subsequent testing. The
alternative of nonphysician or even direct-to-consumer au-
tomated decision support®** may well grow if the health care
establishment fails to take the lead in adopting such tools.
With regard to genetic information, the mode of delivery of
genetic testing results to physicians and patients must be care-
fully considered. It is already possible for patients to order
genetic tests directly,” and the Internet provides a medium
for delivery of whole-genome data. One can even imagine that
Internet businesses may offer analyses of genomic data to help
patients understand the results.

Third, physicians and other health care professionals must
be educated in the importance of rational interpretation of ge-
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nomic tests. Attitudes of genetic determinism—the belief that
genetics completely determines phenotypic outcome—must
be informed by an understanding that most genetic measure-
ments only shift the probability of an outcome, which often
depends on other environmental triggers and chance. The im-
portance of prevalence in probability computations must be
understood and supported in clinical decision support sys-
tems. Educators must make clear the unfavorable implica-
tions of ordering tests “just to be on the safe side.”

Finally, physicians and medical specialty groups must de-
cide if a genome-wide panel (that is, a panel of 500 000 ge-
netic polymorphisms all ordered and measured together),
however cost-effective to measure, has any role in clinical
medicine, or if a series of more focused genomic-based pan-
els, with clear indications for use and proper protocols for
workup of unexpected findings, are more attractive. In our
opinion, it is imprudent to use testing panels comprising a
sizable fraction of the genome for clinical care or screen-
ing. There are considerable logistical and financial impli-
cations for companies involved in creating diagnostic tests
in how these tests are delivered in practice. It will be in-
cumbent on practitioners to ensure that there is appropri-
ate clinical justification and convincing market pressure to
perform these tests in a manner that ushers in the era of ge-
nome-informed medical decision making and does not al-
low the incidentalome to block its arrival.
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