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On the use of population-based registries in the
clinical validation of genetic tests for disease
susceptibility

Quanhe Yang, PhD', Muin J. Khoury, MD, PhD?, Steven S. Coughlin, PhD’, Fengzhu Sun, PhD*, and
W. Dana Flanders, MD, ScD’

Purpose: Many new genetic tests for susceptibility to adult-onset diseases are developed on the basis of selected
and high-risk groups. Before such tests can be used in medical practice, however, epidemiologic studies must be
conducted to evaluate their clinical sensitivity, specificity, and positive predictive value in the general population.
For many common adult-onset diseases, this process may take decades of follow-up. Method: We illustrate how
clinical validation of new predictive genetic tests can be done retrospectively using case-control studies that are
derived from population-based registries of diseases. We use the examples of birth defects and cancer registries
to illustrate a hypothetical process by which such tests can be clinically validated. Results: We demonstrate how
such epidemiologic studies can be successfully used to derive measures of a test’s sensitivity, specificity, positive
predictive value, negative predictive value, and of the population attributable fraction of disease due to the
disease-susceptibility genes. Under certain assumptions, data derived from population-based case-control studies
provide adequate estimates of lifetime risks for disease (penetrance) among people with specified genotypes.
Conclusions: With adequate protections of human subjects, studies involving population-based registries of
disease will increasingly become valuable in validating the numerous genetic tests that will emerge from advances

in human genetic research and the Human Genome Project. Genetics in Medicine, 2000;2(3):186-192
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The rapid pace of genetic discoveries has resulted in the pro-
liferation of genetic tests for a wide variety of diseases. Cur-
rently, DNA-based tests are available for more than 600 con-
ditions,! and more than 6,000 conditions have been mapped to
specific chromosomes.? Genetic tests of susceptibility to com-
mon adult-onset disorders in the general populations have be-
come increasing available. Examples include tests for BRCA1/
BRCA2 gene mutations in relation to breast and ovarian
cancer,>-5 tests for apolipoprotein E-E4 allele in relation to
Alzheimer disease,5” and tests for hereditary prostate cancer 1
(HPC1) in relation to prostate cancer.®°

Before such genetic tests can be used in medical practice,
their clinical validity needs to be established.!® Determining
the clinical validity of the tests involves measuring their clinical
sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) with respect to disease occur-
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rence.!! Ideally, estimates of these clinical measurements of
genetic testing would come from large-scale population-based
cohort studies; such studies, however, will take considerable
time and resources. In this paper, we illustrate how clinical
validation of new predictive genetic tests can be done retro-
spectively using incident case-control studies that are derived
from population-based registries of diseases. We demonstrate
how such epidemiologic studies can be successfully used to
measure the clinical sensitivity, specificity, PPV, and NPV of
such tests, as well as the population attributable fraction of
disease due to the disease-susceptibility genes (i.e., the propor-
tion of cases in the population attributable to a positive genetic
test—an adjusted measure of clinical sensitivity). Under cer-
tain assumptions, data derived from population-based case-
control studies provide adequate estimates of lifetime risk that
people with specific genotypes have for common diseases
(penetrance).

By genetic testing, we mean the analysis of a specific gene, its
product, or function, or other DNA and chromosome analysis
that is done to detect or exclude an alteration likely to be asso-
ciated with a genetic disorder.'? Others have provided a more
detailed definition of genetic testing.!> Here, we focus on ge-
netic tests for susceptibility to common complex diseases in
humans: the term “complex” disease implies that the inheri-
tance of an allelic variant or even combination of alleles at
multiple loci may increase risk but does not always result in the
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disease (incomplete penetrance). The primary objective of
such testing is to determine the probability of developing a
disease given a positive genetic test result. Such genetic tests for
susceptibility differ from diagnostic genetic tests or population
screening program for certain genetic diseases. The measure-
ments used in the clinical validation of genetic testing can be
applied to tests for various diseases with different ages of onset,
such as birth defects, cancers, and cardiovascular disorders. In
estimating lifetime risk for disease among carriers of disease-
susceptibility genes, we focus on common diseases with vary-
ing age of onset.

We use the examples of population-based birth-defect and
cancer registries to illustrate a hypothetical process of clinically
validating maternal MTHFR C677T mutation testing as a
means of estimating child’s risk for neural tube defects (NTDs)
and BRCAL testing as a means of estimating a woman’s risk for
breast cancer.

METHODS

The clinical validity of a genetic test reflects its ability to
correctly classify people who have or will develop disease as
test-positive and those who will not develop disease as test-
negative. Measurements of validity include sensitivity, speci-
ficity, PPV, and NPV. Here, sensitivity is defined as the prob-
ability of a positive genetic test result among people who will
develop disease, specificity is the probability of a negative ge-
netic test results among people without the disease, PPV is the
probability of developing disease among people with a positive
test result, and NPV is the probability of not developing disease
among people with a negative test result.4

The parameters needed to estimate these measurements can
be obtained from a population-based registry and a case-con-
trol study derived from such a registry.

Population-based registries

Population-based registries involve a continuous and sys-
tematic process of collection, analysis, interpretation, and dis-
semination of descriptive information for the disease con-
cerned as illustrated by birth defects and cancer registries.!>-18
For most population-based registries, the population usually
represents residents within a specified geographic area, which
may be a city, region, or nation. The primary objective of a
population-based registry is usually to collect information on
all new cases of the disease over time within the defined geo-
graphic region and monitor changes over time. The data col-
lected from these registries provide basic information about
the descriptive epidemiology of the health problems, such as
the overall rate of the disease in the population and its change
over time. Such information can also be used to evaluate inter-
vention programs and to help formulate policy decision re-
garding health care and resource allocation.!® For the clinical
validation of genetic testing, population-based registries can
provide information about the overall disease rate in the pop-
ulation as well as serve as a framework for population-based
case-control studies.
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Population-based case-control study

Although population-based registries collect all cases of a
disease with basic demographic information, they may not
contain sufficient detailed information for in-depth epidemi-
ologic studies. However, population-based registries can serve
as a framework for investigators designing detailed epidemio-
logic research such as a population-based case-control study.

In a population-based case-control study, investigators as-
certain all new cases of diseases diagnosed in a certain time
interval in a defined population, and the control subjects are
randomly chosen from the same underlying population.2° The
advantages of population-based case-control studies include
the ability to quantify the magnitude of disease risks in the
underlying population, to estimate the population attributable
risk for the disease due to specified risk factors, and to estimate
the absolute risk for disease.?! For the clinical validation of
genetic testing, such studies can be used to derive the sensitiv-
ity, specificity, PPV, and NPV of such tests. Under certain as-
sumptions, one can also use data from case-control studies to
estimate the life time risk (penetrance) of the common diseases
with varying age of onset.

Estimations of sensitivity, specificity, PPV, and NPV

For simplicity, we assume a single disease-susceptibility
gene with two alleles. The estimations also apply to multiple
alleles at multiple loci. If one views the result of genetic testing
of disease-susceptibility genotype as a risk factor (positive or
negative on the test), then estimating the probability of devel-
oping disease among people with disease-susceptibility geno-
type (PPV) can be done by estimating exposure-specific inci-
dence rates using data from a case-control study.2223 Table 1
shows how to estimate sensitivity, specificity, PPV, and NPV.
For conditional probability, Bayes’ theorem states that:

P,(G/D)Py(D)

PUDIG) = 5 (GD)R, D) + P(GD)1 - By

where P, (D/G) = the annual risk of disease among people with
a positive genetic test result for the disease-susceptibility gene
in the kth age interval, which is, in other words, PPV; P, (G/
D) = the probability of a positive test result for the disease-
susceptibility gene among case subjects in the kth age interval;
P,(G/D) = the probability of a positive test result among con-
trol subjects in the kth age category; and P, (D) = the prior
probability of disease (overall rate of disease) among people in
the kth age interval. To simplify, we assume P, (G/D) is con-
stant across age. For most diseases, the annual risk and the
incidence rate per person year will be nearly the same numer-
ically.
Similarly, one can estimate NPV as follows:

P(G/D)(1 — P(D))

P(D/G) = P.(G/D)(1 — P(D)) + P(G/D)P,(D)

(2)
where P, (D/G) = the annual risk of disease among people with
a negative genetic test result for the disease-susceptibility gene

in the kth age interval (NPV); and P(G/D) = probability of a
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Table 1
Estimation of a genetic test’s “sensitivity,” “specificity,” positive predictive
value (PPV), and negative predictive value (NPV) on the basis of data
derived from a population-based case-control study

Disease Status

Test Results Case Control
Positive a b
Negative c d

N, N,

a = the number of people who test positive and have the disease.

b = the number of people who test positive but do not have the disease.

¢ = the number of people who test negative but have the disease.

d = the number of people who test negative and do not have the disease.
“Sensitivity” = P(G/D) = a/N,: the probability that people with disease test
positive. “Specificity” = P (G/D) = d/N,: the probability that people without
disease test negative.

PPV = P(D/G)

_ P,(G/D)P,(D)
[P(G/D)P(D) + Py(G/D)(1-Py(D)]

P(D)
[P(G)(s — 1) + 1]

PPV is the probability of developing disease in the kth age interval givena positive
genetic test result (see text for estimation of PPV).
P(G/D)(1 — Py(D))

NPV = PDIG) = 5 @5 (1 — py(D)) + P{G/D)PL(D)

NPV is the probability of not developing disease in the kth age interval given a
negative genetic test result (see text for estimation of NPV).

Yk = the risk ratio (odds ratio) of having disease-susceptibility gene in
the kth age interval.

negative test result for the disease-susceptibility gene among
case subjects in the kth age interval.

It is important to note that the probability of people with the
"specified genotype developing disease is age dependent. For
diseases expressed at birth, such as external structure malfor-
mations, k = 0; for all other diseases, k represents age at disease
onset. If there is no matching or other important biases in
subjects selection, one can estimate the test (genotype) proba-
bility among case and control subjects from the case-control
study as P,(G/D) = a/N;, and P,(G/D) = b/N, (Table 1).
Thus, P,(G/D) approximates the sensitivity of a genetic test,
and P, (G/D) approximates the specificity of a genetic testin a
follow-up cohort study. In this sense, we define P,(G/D) and
P, (G/D) as “sensitivity” and “specificity” of the test. For overall
rate of disease in the population, P (D), the numerator repre-
sents the number of incidence cases in a specific time interval,
and the denominator is the size of the population at risk. One
may get these overall disease rates from population-based reg-
istries, for example, using data from birth defects surveillance
programs or from the Surveillance, Epidemiology, and End
Results Program (SEER) for cancer incidence rates in the gen-
eral population.

If estimates of risk ratio for disease among carriers of the
disease-susceptibility gene and the prevalence of disease-sus-
ceptibility gene in the population are available, the estimate of
PPV can also be obtained by:
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i Pu(D)
(PG (e — 1) + 1]

where i, = risk ratio for disease among carriers of the disease-
susceptibility gene in the kth age interval; and P (G) = the
prevalence of the disease-susceptibility gene in the kth age in-
terval in a population. The estimations of “sensitivity” and
“specificity” can also be expressed in terms of y, P(G) and
P, (D).14

In addition, using data from a population-based case-con-
trol study, one can estimate the population attributable frac-
tion, which is the proportion of all new cases in a given period
that were identified by a positive genetic test result. Assuming
no confounding of genetic test-disease association, one can
estimate attributable fraction using the following formula:2*

fil(g — 1)
[1+ fi(gp — 1]
_AR(1 - £) +

KT (1 — AFy)

P(D/G) = (3)

AFk = (48)

(4b)

where AF, is the population attributable fraction for age group
k, f, is the proportion of people in age group k with the disease-
susceptibility gene in the population, and ¢y is risk of having
the disease in question among those who have the disease-
susceptibility gene compared with those who have no disease-
susceptibility gene. Other formulas are also available for esti-
mating the population attributable fraction.?>2¢

Estimation of lifetime risk (penetrance) of common diseases

Formulas 1 and 3 provide the point estimates of the geno-
type-specific incidence rate by age; these estimates can be used
to approximate the penetrance of the disease-susceptibility for
diseases expressed at birth, such as birth defects, where k = 0.
For common complex diseases with varying age at onset, we
are interested in the cumulative risk over certain time intervals
of the disease-susceptibility gene among people with positive
test results, for example, the cumulative risk of BRCAl-gene
mutation carriers for breast cancer by the different age group.
To calculate cumulative risk, one can apply either formula 1 or
3, depending on the availability of data, to each age group to get
separate estimates of the age-genotype-specific incidence rate,
and calculate the cumulative incidence (risk):

=1

where R; is the cumulative risk for disease (penetrance) among
carriers of the disease-susceptibility genotype by the kth age
group. ID,; is the age-genotype-specific incidence rate in the
kth age group (i.e., j = 0 for carriers of the nonsusceptibility
genotype and j = 1 for carriers of the disease-susceptibility
genotype), and A, is the width of age interval. We estimate
ID; as P(D/G) for j = 1 and P,(D/G) for j = 0, assuming 1
year risk, P, (D/G), is rare. If we do not take into account other
risk factors or competing risks, the cumulative risk for disease
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(R;) is equivalent to the penetrance of the disease-susceptibility
genotype for diseases with varying ages of onset.

When the study is stratified by one or more risk factors such
as smoking status, the above formulas may be applied to dif-
ferent strata to get stratum-genotype-specific estimates. The
difference of estimates for different strata may provide some
evidence of gene-environment interaction. Although Bayes’
theorem is used mainly in prevalence and cumulative inci-
dence studies, it also provides a good approximation in inci-
dence density studies.?°

Examples

We present two examples of how data from population-
based case-control studies can be used to estimate the “sensi-
tivity,” “specificity,” PPV, and NPV of genetic tests, and to
estimate the lifetime risk for disease (penetrance) among peo-
ple with a disease-susceptibility gene. In one example, we use
data derived from a population-based case-control study of the
association between homozygosity for 5,10-methylenetetrahy-
drofolate reductase (MTHFR) gene C677T mutation and risk
for neural tube defects (NTDs). In the other example, we cre-
ated a case-control data set to estimate, by age group, the pen-
etrance of BRCA1-gene for breast cancer among carriers.

MTHFR and NTDs

Several recent studies reported an association between ho-
mozygosity for the MTHFR gene C677T mutation and risk for
NTDs.27-30 In a meta-analysis of that association, Botto and
Yang?! found a pooled odds ratio of 1.73 (95% CI 1.39-2.16)
among infants who were homozygous for MTHFR C677T
variation and an odds ratio of 1.15 (95% CI 0.98-1.34) among
those who were heterozygous for the mutation. Shaw et al.°
investigated the joint effects of having MTHFR C677T geno-
type and maternal use of supplements containing folic acid on
an infant’s risk for NTDs in a population-based case-control
study conducted in California (1987-1991 birth cohorts). The
study genotyped the allelic variants of MTHFR in 214 liveborn
case infants with spina bifida and 503 control infants without
birth defects. Of the 214 case infants, 41 had two alleles for the
mutation, 100 had one allele, and 73 had none; of the 503
control infants, the corresponding figures were 72, 213, and
218 with a estimated allele frequency of 35.5% (95% CI 32.5%
to 38.5%) in the population. Table 2 shows our estimates of the
“sensitivity,” “specificity,” PPV, NPV, and population attrib-
utable fraction of infants for MTHEFR gene C677T mutation for

Genetic test and case-control study

risk of NTDs. The estimated prevalence of NTDs is approxi-
mately 1/1,000 in the general population. As shown in Table 2,
if homozygosity for the C677T variant is used to measure risk
for NTDs, the “sensitivity” and PPV of such test are low, 19.2%
and 0.14% respectively, and the NPV is high (99.9%). The
estimated population attributable fraction of NTDs due to ho-
mozygosity for the MTHER gene C677T mutation is approxi-
mately 7.9%.

BRCA1 and breast cancer

To ensure sufficient numbers of case and control subjects
for the second example, we used the results of Whittemore et
al.32 to calculate the parameters necessary to estimate PPV,
NPV, and lifetime risk for disease (penetrance). In that study,
Whittemore et al., using data from three U.S. population-
based case-control studies, estimated that the percentages of
breast cancer cases attributable to BRCA1/BRCA2 mutations
were 11.2%, 10.7%, 8.6%, and 5.8% for women aged 15-29,
30-39, 40—49, and 50-59 years, respectively, and the esti-
mated carrier prevalence of BRCA1 mutations in the U.S. pop-
ulation is approximately 0.0029 (P(G/ D)). Another study sug-
gested that approximately 60% of BRCA1/BRCA2 mutation
carriers were BRCA1 carriers.?? Therefore, we multiplied the
estimates of Whitemore et al.32 estimates of the percentages of
breast cancer attributable to BRCA1/BRCA2 mutations by 0.6
to estimate the percentages attributable to BRCA1 only (P, (G/
D)). We used Equation 4b to estimate age-specific risk ratios
(¢r4) and assumed that the proportion of people with the dis-
ease-susceptibility gene in the population was constant (f, =
0.0029 for all k). For overall disease rates P, (D), we used the
SEER 1988 breast cancer incidence rate.>* With these estimated
parameters [P, (D), s, and P, (D)], we then apply Equation 3
to estimate age-specific exposure rates (P, (D/G)). Finally, we
used Equation 5 [cumulative risk for disease (penetrance)] to
estimate penetrance of breast cancer among BRCA1 mutation
carriers (Table 3). Figure 1 presents our estimates of BRCA1-
gene’s penetrance among BRCAL carriers and the estimates of
two other studies.?>3¢ These estimates were comparable, al-
though we used estimates of the percentages of BRCA1 muta-
tion carriers among case and control subjects from a published
study.>? This example illustrates how the population-based
registries provide the estimates of absolute risk, how the pop-
ulation-based case-control study provides estimates of relative
risk, and how one can then use these values to estimate lifetime
risk (penetrance). It should be pointed out that the main pur-

Table 2
Estimates of sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and population attributable fraction of infant for MTHFR
gene C677T mutation and risk for NTDs using data from a population-based case-control study, California

MTHFR No Sensitivity % Specificity % Pop. attrib.
C677T Alleles NTDs NTDs OR (95% CI) (95% CI) (95% CI) PPV % NPV % fraction %
Homozygous 41 72 1.7 (1.0-2.8) 19.2 (14.1-25.1) 85.7 (82.3-88.6) 0.14 99.9 7.9
Heterozygous 100 213 1.4 (0.97-2.0) 46.7 (40.0-53.7) 43.3 (39.0-47.8) 0.11 99.9 13.4
Noncarrier 73 218 Referent - - - - -
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Table 3
Estimated lifetime risk (penetrance) for breast cancer among BRCA1 mutation carriers
. Case Control .

Population Age-specific

Incidence* % BRCAL Carrier exposure rate

(case/10° yr) - + - Risk Ratio (cases/10° yr) Cumulative risk
Age P¢ (D) Py (G/D) P, (G/D) P, (G/D) P, (G/D) U P, (D/G) (penetrance) R;
25-29 7.5 6.7 93.3 0.29 99.7 25.8 180.3 1.0
30-34 25.2 6.4 93.6 0.29 99.7 24.6 579.9 3.7
35-39 63.8 6.4 93.6 0.29 99.7 24.6 1467.7 10.5
4044 125.4 5.2 94.8 0.29 99.7 19.9 2367.4 20.5
4549 197.8 5.2 94.8 0.29 99.7 19.9 3734.3 34.1
50-54 232.7 3.5 96.5 0.29 99.7 13.5 3033.1 43.4

*SEER 1988 breast cancer incidence rates.>*

The proportion of case and control subjects who were BRCA1-gene mutation carriers was derived from the results of Whittemore et al.>

Cumulative risk (penetrance)
80

—e— Present estimate
70 =e—Ford et at—199%
—+— Claus et al. 1991*

. -

30 / /
j: / /

[ '—/

NN

Fig. 1 Estimated cumulative risk (penetrance) for breast cancer among BRCA1-gene
carriers by age group. *We linearly interpolated missing values for some age groups used
in studies by Claus et al.>* and Ford et al.>

pose of our estimations is to illustrate how the clinical validity
of genetic testing can be calculated using data from popula-
tion-based case-control studies, not the precision of such esti-
mates.

DISCUSSION

We illustrated how to use data derived from population-
based case-control studies in the clinical validation of genetic
testing. We presented a simple yet valid method of estimating
lifetime risks for disease among carriers of disease-susceptibil-
ity genes for common diseases with varying ages at onset. The
rapid development of molecular genetics and the Human Ge-
nome Project will make genetic testing for various diseases
increasingly feasible. Clinical validation of genetic testing is an
important component to consider before such tests can be
used in medical practice. Ideally, the clinical validation of such
tests and the lifetime risk (penetrance) estimates of disease
susceptibility will come from large-scale population-based co-
hort studies. However, in the absence of such studies, the sim-
ple approaches presented here may prove to be helpful in clin-
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ical validation of genetic tests and in determining the lifetime
risk for disease (penetrance) among carriers of disease-suscep-
tibility genes.

Other researchers who examined the relationship between
genetic testing parameters (sensitivity, specificity, and PPV)
and the frequency of disease-susceptibility genes, the fre-
quency of the disease concerned, and the relative risk for the
disease among carriers of disease-susceptibility genes con-
cluded that the suitability of testing for a particular disease-
susceptibility gene depends on the objectives of the testing.10:13
For most of the common complex diseases, any single disease-
susceptibility gene may increase a carrier’s risk for disease only
moderately, and the genotype frequency in the population may
be relatively high.3” Under these circumstances, the sensitivity
and PPV of genetic tests will tend to be low for rare diseases
such as birth defects and cancers.

We presented our examples using data derived from popu-
lation-based birth defects and cancer registries, which are well
known disease registries. Other established population-based
registries include registries for diabetes, stroke, and communi-
cable diseases.?#-42 Population-based registries for other com-
mon complex diseases, such as cardiovascular and mental dis-
orders, are still relatively rare, which limits the application of
the present method to other nonregistered diseases. In addi-
tion, some genes may increase carriers’ risks for multiple
health problems; for example, BRCA1 mutations are associ-
ated with breast and ovarian cancers, and p53 gene variants are
associated with multiple primary cancers. Population-based
registries may be available for some, but not all of these dis-
eases.

As with any case-control design, the definition and selection
of case and control subjects are crucially important to the va-
lidity of the study findings. Particularly, the effects of popula-
tion stratification may invalidate attempts to clinically validate
a genetic test on the basis of data from a case-control study. For
example, if a disease-susceptibility gene occurs more often in a
particular ethnic population, and this population also has rel-
atively high risk for the disease, the association of disease with
genetic markers may be overestimated. To reduce such a spu-
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rious association between disease and genetic factors in a case-
control study, the investigators should select the appropriate
control subjects, possibly by matching control subjects with
case subjects within major racial and ethnic subgroups; they
should collect other cultural and anthropologic information
and environmental factors for refined matching of case and
control subjects; they should consider using DN A markers that
characterize the genetic differences in subgroups of popula-
tions as the biological markers for population admixture.2!

In estimating lifetime disease risk (penetrance), our ap-
proach did not take into account other risk factors or compet-
ing risks. Feuer et al.*> presented an extended version of Equa-
tion 5 that accounts for competing risks. Although model-
based estimates of exposure-specific incidence rate and
cumulative risk estimates developed for other studies 44-47 can
be used to make inferences about the general population, they
are most useful when applied to assess individualized risk.43:44
A number of genetic analysis models have also been used to
estimate the penetrance of disease-susceptibility genes.3+35
The calculations used in these approaches, however, are more
complicated and require specialized genetic analysis programs.

Clinical validity is only one of the criteria used to develop
safe and effective genetic testing. Others include analytical va-
lidity, which measures the ability of a test to predict correctly
the underlying genotype, and clinical utility, which measures
the benefits and risks to people with positive and negative test-
ing results.!! Other important issues in the development of safe
and effective genetic testing include the quality of laboratories
performing genetic tests; patients’ psychological responses to ge-
netic testing; and the ethical, legal, and social implications of ge-
netic testing, which are discussed by many other studies.10-13.48-55

The rapid advances in human molecular genetics and then
Human Genome Project seen in the past few years indicate that
within the next decade genetic testing will be increasingly
widely used in population screening for susceptibility of vari-
ous common diseases, and in the diagnosis of diseases, and
management of patients. Data derived from population-based
case-control studies can help researchers assess the clinical va-
lidity of such genetic testing and to estimate the lifetime risk for
disease (penetrance) among carriers of disease-susceptibility

genotypes.
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