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BACKGROUND. Increased risk of prostate cancer among men with a family history of the
disease has been observed in several epidemiological studies, and family studies have iden-
tified hereditary prostate cancer characterized by early onset and autosomal dominant inher-
itance.

METHODS. In this study, we examine prostate cancer heritability among twins in the NAS-
NRC Twin Registry, with cases ascertained from a number of sources: recent telephone
interviews, Medicare and Department of Veterans Affairs hospitalizations, previous mail
questionnaires, and death certificates. A total of 1,009 prostate cancer cases were identified
among the cohort of 31,848 veteran twins born in the years 1917-1927.

RESULTS. Probandwise concordance for prostate cancer was substantially higher among
monozygous twin pairs, 27.1%, than among dizygous twin pairs, 7.1% (P < 0.001).
CONCLUSIONS. These data suggest that genetic influences account for approximately 57%,
and environmental influences for 43%, of the variability in twin liability for prostate cancer.
Prostate 33:240-245, 1997.  © 1997 Wiley-Liss, Inc.
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INTRODUCTION

A familial and arguably genetic component to pros-
tate cancer is consistently supported by family studies.
Early studies from Utah [1] and Italy [2] identified
excess prostate cancer among relatives of men with
prostate cancer. More recent studies from the Utah
Population Database [3-5] have confirmed and ex-
tended these findings; in all these studies there is also
a suggestion that higher risk for prostate cancer is as-
sociated with earlier age at onset. Case-control studies
evaluating family history as a risk factor have found
that it is significant [6-10].

Recent population-based multi-center studies that
have included both blacks and whites, and that have
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adjusted for potential confounders such as age and
geographic region, have observed excess risk associ-
ated with family history among cases consistent with
earlier work [11,12]. In the former study [11], cases
whose fathers had prostate cancer had an apparently
lower relative risk of prostate cancer (2.5) than did
cases whose brothers had prostate cancer (5.3), but this
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difference could be attributed to sampling error. In the
latter study [12], there was similarly no statistically
significant difference between prostate cancer risk ra-
tios for fathers and sons (2.0) vs. brothers (2.9).

A segregation analysis demonstrated that the famil-
ial prostate cancer clustering could be explained by
Mendelian inheritance of a rare autosomal gene pro-
ducing prostate cancer at an early age [13]. However,
the inherited form of prostate cancer (hereditary pros-
tate cancer) represents only 9% of all prostate cancers
by age 85 years.

Classic twin studies permit an estimate of the im-
portance of genetic factors by comparing identical
(monozygous: MZ) twin pairs to fraternal (dizygous:
DZ) pairs. When there is a strong genetic influence,
the concordance rate for MZ twin pairs (in which both
members are genetically identical) is higher than the
rate for DZ pairs (in which both members share ap-
proximately 50% of their genes, on the average, being
related as ordinary siblings). A study of prostate can-
cer among members of the Swedish Twin Registry [14]
found a higher concordance rate for prostate cancer
among MZ than DZ twins (probandwise concordance
rates of 19.2 and 4.3%, respectively), evidence of a
genetic influence on prostate cancer. Moreover, the
mean age at diagnosis for prostate cancer was greater
than 72 years of age for cases in both concordant and
discordant twin pairs.

In an earlier study of benign prostate disease
among members of the NAS-NRC Twin Registry [15],
evidence of a significant genetic influence was found
for benign prostate disease. In this article, we report
on the concordance for prostate cancer among mem-
bers of the NAS-NRC Twin Registry.

MATERIALS AND METHODS

The NAS-NRC Twin Registry is a population-based
twin registry composed of white male twins born in
the years 1917-1927, inclusive, who served in the U.S.
military [16]. The Registry was assembled from birth
certificates, with some 54,000 pairs of certificates
(which is thought to represent 93% of male-male twin
births during the period) matched against Department
of Veterans Affairs (VA) records to ascertain veteran
status. A total of 15,924 veteran twins pairs was even-
tually identified. Zygosity has been ascertained using
guestionnaire, blood type and anthropometric data,
eye and hair color, fingerprints, and for a subpanel,
serological results. Validity studies suggest that the
guestionnaire data alone provide a correct diagnosis
of zygosity in 95% of twin pairs [17].

One of the important features of this study is its
prostate cancer ascertainment procedures. Five largely
independent data sources were used to define prostate

cancer: coded responses to a mail questionnaire, com-
puterized inpatient records of the VA and Medicare, a
telephone screening interview, and mortality records.
Each will be described in turn.

Two large epidemiologic surveys have been con-
ducted in the Registry by mail questionnaire [17]. The
latest of these, sent in 1985, included detailed items on
health and health care and included the following
item: ““List any operation or illness requiring hospital-
ization that you have had since 1970.” Approximately
10,000 questionnaires were received, and responses to
this open-ended question were reviewed for evidence
of prostate cancer and other prostate disease [15].

Data on all VA inpatient episodes in the years 1985-
1994 were collected for all twins. There was a total of
1,504 VA inpatient episodes among the twins, includ-
ing 71 with some mention of prostate cancer; these
episodes occurred among 49 twins. Arrangements
were also made with the Health Care Financing Ad-
ministration (HCFA) to secure computerized Medi-
care inpatient records for 1993 for all the twins in the
Registry. We chose 1993 because it contained the most
recent data available when we began our discussions
with HCFA, and because earlier data would have been
incomplete. Nineteen hundred and ninety-two was
the first (partial) year in which all twins were eligible
for Medicare, this being the year in which the young-
est twins in the Registry, born in 1927, would have
turned 65 years of age. Out of approximately 6,000
Medicare inpatient episodes among the twins, 213 had
a mention of prostate cancer. These 213 episodes cor-
responded to 183 twins.

Mortality data were collected primarily from the
VA. In addition to the VA inpatient files, the VA main-
tains a computer file of beneficiaries, including those
who receive veteran death benefits. Investigations of
the completeness of death reporting to the VA have
shown it to be quite compete; the latest investigation
among twins showed it to be better than 95% complete
[18]. When, however, death certificates were unobtain-
able through the VA, they were obtained using the
National Death Index. A total of 115 deaths with men-
tion of prostate cancer were identified in the Registry
up through December 1990.

In 1993-1994, a telephone survey was conducted
among 14,326 living twins whose location could be
determined. Each twin was asked the following ques-
tion: “Did a doctor ever tell you that you had cancer?”’
If an affirmative response was received, a follow-up
question was asked: ‘““What type of cancer, that is, in
what part of your body did the cancer start?”” There
were a total of 735 responses in which the twin said
that he had had prostate cancer.
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TABLE I. Number of Twins Diagnosed With Prostate Cancer, by Source

Source of diagnosis?

Questionnaire Medicare VA Telephone Mortality

survey hospitalization hospitalization survey files No. %
No No No No Yes 103 10.2
No No No Yes No 618 61.2
No No Yes No No 40 4.0
No Yes No No No 99 9.8
Yes No No No No 19 1.9
No No Yes No Yes 6 0.6
No No Yes Yes No 23 2.3
No Yes No Yes No 81 8.0
Yes No No No Yes 5 0.5
Yes No No Yes No 12 1.2
Yes Yes No No No 1 0.1
Yes No Yes No Yes 1 0.1
Yes Yes Yes Yes No 1 0.1
Total 1,009 100

aA total of 30,839 twins were not diagnosed with prostate cancer.

All twins were assigned a value of “yes” or ‘“no”
for prostate cancer for each of the five ascertainment
systems. In cases where the twin was not subject to
ascertainment in a given system (for example, if he
died prior to 1993 and could not appear in the Medi-
care inpatient database), the value ‘“‘no” was assigned.
Among the 30,839 twins assigned a ‘‘no” value, there
were 7,099 (23.0%) who died prior to 1993 (and were
thus missed by the Medicare computer linkage and
telephone survey) and who had not responded to ear-
lier mail questionnaires. These could be considered
“‘unknown’ responses, rather than ‘‘no.”

Pairwise concordance rates were compared using
the two-tailed chi-square test. Concordance data were
further analyzed using covariance structure analysis
to estimate heritability [19]. Covariance structure
analysis is based on the correlation of liability, also
known as the tetrachoric correlation, calculated under
the assumption that there is an underlying continuous
distribution of disease, even though the diagnosis of
disease is not made until the liability crosses over
some threshold value. Covariance structure analysis,
unlike the traditional methods of concordance analy-
sis, makes use of the data from all the twin pairs, not
just those in which one or both of the twins is affected
by disease.

RESULTS

Table | shows the results of prostate cancer ascer-
tainment by the five independent methods. Of the five
methods, the telephone interview identified the most
prostate cancer patients, 735 of the total of 1,009 cases

ascertained. Of these, 618 were found only by tele-
phone interview and 117 confirmed by another ascer-
tainment method. Next followed the Medicare hospi-
talization ascertainment, which found 182 cases—99
singly and 83 in combination with other methods.
Next most successful was the mortality file search,
which found 115 cases—103 singly and 12 in combi-
nation with other sources. VA hospitalization ascer-
tainment found 71 cases—40 singly and 31 in combi-
nation with other sources, and the mail questionnaire
screening yielded 39 cases—19 ascertained singly and
20 in combination with other sources; the mail ques-
tionnaire ascertainment was concluded nearly a de-
cade earlier than all the others.

Table Il shows a comparison of ascertainment
results for MZ vs. DZ twins. For this comparison,
twins of unknown zygosity are not shown, nor are
ascertainment methods or combinations of meth-
ods yielding fewer than 20 cases, to avoid problems
with small numbers. In general, the distribution of
ascertainment results is similar for MZ and DZ twins
for most methods; for example, the largest single
source of prostate cancer cases, the telephone ques-
tionnaire, accounted for 61.2% of cases among MZ
twins and 60.4% of the cases among DZ twins. There
is, however, a statistically significant difference in as-
certainment profiles for MZ vs. DZ twins (chi-square =
16.53, 6 df, P = 0.001). Most of this is attributable to the
difference in ascertainment of prostate cancer cases
found only on the mortality files (6.7% for MZ vs.
12.9% for DZ); when these prostate cancer cases are
eliminated, the difference in ascertainment profiles be-
tween MZ and DZ twins is not statistically significant
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TABLE II. Number of Twins Diagnosed With Prostate Cancer, by Source and Zygosity

Source of diagnosis?

Questionnaire Medicare VA Telephone Mortality
survey hospitalization hospitalization survey files MZ %" DZ %"
No No No No Yes 6.7 129
No No No Yes No 61.2 60.4
No No Yes No No 4.0 4.4
No Yes No No No 10.9 8.1
No No Yes Yes No 1.7 2.9
No Yes No Yes No 9.0 7.7
All other

combinations of

ascertainment — — — — 6.4 35

2A total of 30,839 twins were not diagnosed with prostate cancer.
PUnknown zygosity twin pairs not shown; percentage distribution limited to categories with 20 or more total cases.

TABLE Ill. Concordance of Prostate Cancer Among Twin Pairs

No. of No. of Pairwise Probandwise

pairs pairs No. of concordance concordance
Zygosity  concordant discordant affected twins rate (%) rate (%)
mMz2 57 306 420 15.7° 27.1¢
Dz 17 446 480 3.7 7.1
Unknown 9 91 109 9.0 16.5
aMonozygous.
PDizygous.

°MZ and DZ rates significantly different; chi-square = 36.11, 1 df, P < 0.001.
9MZ and DZ rates significantly different; chi-square = 65.60, 1 df, P < 0.001.

(chi-square = 6.8, 5 df, P = 0.24). Given the significant
difference between MZ and DZ ascertainment pro-
files, concordance data will be analyzed with and
without prostate cancer cases ascertained by mortality
file searches.

Table Il shows the results of concordance analyses
using all cases. Pairwise concordance, defined as the
number of concordant pairs over the number of af-
fected pairs, provides the most direct comparison of
raw concordance rates. Pairwise concordance was
15.7% for MZ twin pairs and 3.7% for DZ twin pairs,
with the pairwise concordance rate for twin pairs
of unknown zygosity (9.0%) being (as expected) in-
termediate between the MZ and DZ rates. The differ-
ence between pairwise MZ and DZ concordance rates
was highly significant (chi-square = 36.11, 1 df, P <
0.001).

Probandwise concordance rates, defined as the
number of affected twins in concordant pairs divided
by the number of affected twins, provide slightly dif-
ferent information. For this study, in which prostate
cancer was independently ascertained for each twin,
the probandwise concordance rate estimates the prob-

ability that a twin will have prostate cancer, provided
his cotwin has prostate cancer. Probandwise concor-
dance rates were 27.1% for MZ twins and 7.1% for DZ
twins, with the rate for twins of unknown zygosity,
16.5%, lying between these two. The nearly fourfold
higher MZ probandwise concordance means that an
MZ twin whose brother has been reported as having
had prostate cancer is nearly four times more likely to
have prostate cancer than is a DZ twin whose brother
has reported to have had prostate cancer. This differ-
ence was statistically significant (chi-square = 65.60, 1
df, P < 0.001).

Excluding the 115 cases of prostate cancer ascer-
tained by mortality records changes concordance rates
only slightly: pairwise concordance rates are 17.9, 3.7,
and 10.0%, respectively, for MZ, DZ, and unknown
zygosity pairs, while probandwise rates are 26.4, 6.8,
and 16.7%, respectively (data not shown). Both MZ
concordance rates remain significantly higher than the
corresponding DZ concordance rates: chi-square =
30.57, 1 df, P < 0.001, and chi-square = 55.83, 1 df, P <
0.001, respectively. Thus, excluding the prostate can-
cer cases ascertained by mortality records (which
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account for only about 10% of the total) does not sub-
stantially affect the study’s results.

A covariance structure analysis of the complete
data (i.e., including cases ascertained by mortality
records) estimated that 57% of the variablity in liabil-
ity to prostate cancer between twins was due to ge-
netic influences and that the remaining 43% was due
to (unique) environmental influences. As is the case in
all “classic” twin studies, a greater environmental
similarity among MZ twins as compared to DZ
twins—for example, a tendency for MZ twins more
than DZ pairs both to undergo prostate cancer screen-
ing—is a potential confounding factor when estimat-
ing the genetic effect. There was no significant com-
mon environmental (i.e., non-genetic) influence in the
best fitting covariance structure model, but the power
to detect such an effect is typically low, even when
samples are quite large [20].

DISCUSSION

The most important finding from the study was
that there was significantly increased concordance for
prostate cancer among MZ twin pairs, compared to
DZ twin pairs. Probandwise concordance rates, which
estimate the risk of one twin having prostate cancer
given that his cotwin has prostate cancer, were
roughly four times higher among identical (MZ) than
among fraternal (DZ) twins: 27.1 vs. 7.1% (risk ratio =
3.83; 95% confidence interval = 3.04-4.84). This in-
creased MZ concordance suggests that the heritability
of prostate cancer is high, and the structural covari-
ance analysis showed that roughly half of the covari-
ance in liability to prostate cancer could be attributed
to genetics. These results agree with those of earlier
studies showing the importance of genetic influences
in the development of prostate cancer.

Concordance rates are obviously dependent on as-
certainment rates, and the large number of prostate
cancer cases detected in this study comes from a com-
plicated, multiple-source ascertainment process. Al-
though certain methodological constraints hinder a
detailed comparison of ascertainment rates, some re-
marks on the subject can be made. For example, it is
not surprising that the largest number of cases were
identified by telephone survey, for response rates to
telephone surveys are generally high. However, the
responses of the twins to the telephone survey were
not independently verified, and indeed, the propor-
tion (16%) of telephone-identified cases appearing in
any other sources (if that is taken as a measure of
verification) was next to lowest for this method of
ascertainment. However, only known living subjects
were included in the telephone survey, so that inde-
pendent mortality data were, by definition, unavail-

able and furthermore, not all subjects responded to the
earlier mail questionnaire. Similarly, only 83 of the 182
cases identified through Medicare records were vali-
dated (45.6%), 82 of these by the telephone survey
(45.1%). Once again, however, mortality data and ear-
lier questionnaire data were largely collected too early
to expect much overlap. In addition, it should be
noted that the Medicare data were limited to inpatient
episodes, so that patients opting for expectant man-
agement or radiation therapy may well have been
missed. Among the subjects labeled as not having
prostate cancer, there are some unknowns (see Mate-
rials and Methods). Although we have no definitive
data on the effect of including unknowns in the “no”
category, it is known that the general effect of misclas-
sification is to attenuate risk estimates.

Aside from the incomplete validation data, one can
make an estimate of the number of expected prostate
cancer cases using independent data. Applying an-
nual prostate cancer incidence rates from the SEER
program [21] to the surviving twins, it can be esti-
mated that there would be roughly 65 incidence pros-
tate cancer cases per year from 1985 to 1989 and 130
cases per year from 1990 to 1994, numbers in general
agreement with the number of cases ascertained in
this study. It should also be noted that prostate cancer
rates have been increasing, a fact thought to be asso-
ciated with an increasing rate of transurethral resec-
tions of the prostate (TURP) [22], and enhanced
screening methods, such as the PSA assay [23].

Notwithstanding the above, a comparison of pros-
tate cancer cases’ ascertainment methods for MZ vs.
DZ twins was made. There was a significant difference
when mortality records ascertainment was included
and no difference when it was excluded. Given this
significant MZ vs. DZ difference, concordance analy-
ses were repeated after excluding the 115 prostate can-
cer cases ascertained by mortality records. Because the
results were virtually identical to those for the entire
series of prostate cancer cases, the difference in MZ
and DZ ascertainment rates does not appear to have
substantially changed the study’s results.

There are a number of other recent studies with
pertinent findings. First, an investigation of prostate
cancer in the Swedish Twin Registry found proband-
wise concordance rates of 19.2 and 4.3% for MZ and
DZ twin pairs, respectively—not very much different
from our rates of 27.1 and 7.1% [14]. The rate of pros-
tate cancer in their study (458 cancers among 9,680
twins) is substantially larger than the rate among these
American twins, but this is as expected because the
Swedish twins are markedly older, having been born
between 1886 and 1925 (cf. 1917-1927).

An earlier study of benign prostate disease among
these same American twins found similar results [15].
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Concordance rates for benign prostate disease were
roughly three times higher among MZ than DZ twins,
and the genetic factors were estimated to account for
49% of the variance in liability for benign prostate
disease.

It is important to note that the finding of a genetic
influence on prostate cancer in this twin population is
not solely the result of the presence of early-onset
prostate cancer cases (as suggested by segregation
analyses). Specifically, the earlier mail questionnaire,
undertaken when the twins were aged 58-68, identi-
fied only 39 cases, while the telephone survey, under-
taken when the twins were aged 67-77, identified 735
cases. While the ascertainment methods used here do
not provide a means of assigning a definitive diagno-
sis date, the indirect evidence provided by these data
suggest that genetic influences play a significant part
in other than early onset prostate cancer. This is in line
with the findings from the Swedish Cancer Registry
study, in which prostate cancer cases, identified using
the Swedish National Cancer Registry, averaged
roughly 72 years of age at time of diagnosis.

CONCLUSIONS

In summary, we have found a significantly higher
concordance of prostate cancer among MZ twins,
compared to DZ twins, suggesting that genetic influ-
ences are operating in this disease. We estimate that
roughly 50% of the variability in liability to prostate
cancer in the cohort of World War Il white male vet-
eran twins is due to genetics. Further, based on the
ages of these twins when their prostate cancers were
detected, it appears that early onset cases alone do not
explain this increased MZ concordance rate for pros-
tate cancer.
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