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Summary

A biometrical study was carried out to evaluate the role of genetic variation in determining interindividual
differences in systolic blood pressure (SBP) in the population at large. SBP was measured in 1,266 Caucasian
individuals in 278 pedigrees ascertained through children enrolled in the Rochester, MN, school system. The
sample included 646 males and 620 females 550 years of age and not taking antihypertensive medication

or oral contraceptives. Complex segregation analysis was first applied to these data by using a regression
model for age, in which the intercept was gender and ousiotype specific but in which the slope was only
gender specific. When the slope was independent of ousiotype, neither variation at a single gene combined
with polygenic effects (mixed genetic model) nor variation in a single environmental factor combined with
polygenetic effects (mixed environmental model) explained the distribution of SBP in this sample. However,
when the regression model for age allowed both the intercept and slope to be gender and ousiotype specific,
the mixed environmental model was rejected whereas the mixed genetic model was not. These results suggest
that variability in SBP may be influenced by major effects of allelic variation at a single gene that are both
gender and age dependent. This study (1) suggests that particular genotypes determined by a single gene are
associated with a steeper increase of SBP with age among males and females 550 years of age in the general
population and (2) illustrates the need to consider models that more realistically represent the relationship
between genotypic variability and phenotypic variability, to understand the genetics of human quantitative

traits.

Introduction

Hypertension has emerged from epidemiological stud-
ies as one of the major risk factors in the prediction
of coronary heart disease. Family studies in various
populations have established that blood pressure ag-
gregates in families. Both genetic and environmental
factors contribute to this familial aggregation (for a
review, see Rapp 1983; Sing et al. 1986; Camussi and
Bianchi 1988). Biometrical strategies used to quantify
the relative contribution of genetic and environmental
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sources of phenotypic variance have consistently
shown that 20%-30% of the interindividual variation
in systolic blood pressure (SBP) may be attributable
to polygenes (Annest et al. 1979; Ward et al. 1979;
Morton et al. 1980; Moll et al. 1983; Pérusse et al.
1989).

Although it is generally recognized that genetic fac-
tors contribute to the determination of interindividual
differences in blood pressure levels, the characteriza-
tion of these genetic factors has been the object of
heated debate (Swales 1985). Platt (1967) argued that
hypertension is a specific disease entity and that the
skewed shape of the blood pressure distribution is an
indication of the presence of two or more qualitatively
distinct subpopulations characterized by allelic varia-
tions at a single gene. Pickering (1967), on the other
hand, argued that hypertension merely represents the
upper end of the blood pressure distribution and that
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quantitative deviations from the mean are a conse-
quence of the interaction between the effects of many
polygenes with exposures to numerous environmental
factors. This model for interindividual differences in
blood pressure level does not include major effects
of allelic variation at a single gene. One recent study
provided some evidence for a very rare single-locus
genotype that is expected to occur in 0.03% of the
population (Carter and Kannel 1990). Since the rare
genotype is associated with low SBP levels in the Fra-
mingham cohort, it cannot explain the prevalence of
hypertension. All other studies that have used biomet-
rical genetic methods that include the major effects of
a single gene support Pickering’s view that interindi-
vidual variation in blood pressure is associated with
the combined effects of polygenes, shared familial fac-
tors, and environmental factors specific to the individ-
ual (Krieger et al. 1980; Morton et al. 1980; Marazita
et al. 1987).

Two reasons may explain the unsuccessful attempts
to find evidence for single genes with major allelic
effects on blood pressure level. First, blood pressure is
acomplex trait that is determined by a large number of
interacting biological components of the circulatory,
nervous, renal, and endocrine systems (Genest et al.
1983). Inherited quantitative variation occurs for
most of the traits that define each of these components.
Because blood pressure level is determined by the com-
bined action of all components, an allelic effect on any
one of these traits is expected to have a relatively small
effect on blood pressure level (Sing and Moll 1989).
Hence, the power to detect single-gene effects should
be enhanced by first considering those intermediate
traits that link allelic variation to interindividual varia-
tion in blood pressure levels. Several measures of cellu-
lar electrolyte-transport systems have been considered
as candidate intermediate traits. Evidence that these
traits are relevant comes from epidemiological studies
showing that their average levels are different between
normotensives and hypertensives and, in some cases,
between normotensives with and without a positive
family history of hypertension (Turner et al. 1985;
Motulsky et al. 1987; Williams et al. 19884, 1988b).
Complex segregation analyses have suggested that red
blood cell sodium-lithium countertransport (Boerwin-
kle et al. 1986; Hasstedt et al. 1988b; Rebbeck et al.
1991), red blood cell sodium concentration (Hasstedt
et al. 1988a), and urinary kallikrein concentration
(Berry et al. 1989) are each influenced by allelic varia-
tion at a single gene. Because of the multifactorial basis
of blood pressure determination, the major effects de-
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tected in these studies probably contribute to the poly-
genic component of variation in SBP levels.

Second, the influence that genotypic variation at a
single locus has on blood pressure may depend on the
level of a second risk factor, such as age, body size, or
exposure to dietary sodium. Since blood pressure is
known to increase with age in most populations, tradi-
tional biometrical approaches have adjusted for age,
prior to analyses to fit genetic models. This strategy
assumes that the relationship between blood pressure
and age is not genotype dependent. If the effects of
allelic variation at a single gene are dependent on a
concomitant such as age, these effects would not be
detected by the traditional approach. The only segre-
gation-analysis application that has considered a geno-
type-dependent relationship between age and a quanti-
tative trait in humans showed that the increase of
low-density-lipoprotein cholesterol with age in a large
kindred with familial hypercholesterolemia was in-
fluenced by genetic variation at a single locus and that
the genotype-specific age-regression model fit the data
significantly better than did a model in which such an
effect was not considered (Moll et al. 1984).

We report here an application of complex segrega-
tion analysis to determine whether there is evidence
that a single gene has major effects on the increase of
SBP with increasing age. Data collected in 278 pedi-
grees ascertained, without regard to health status,
from the Rochester, MN, population were analyzed.
A model that defines age- and gender-specific effects
for genotypes determined by a single gene fit these
data significantly better than did a model in which
the genotype means were not age dependent. These
single-locus genotypes predicted larger differences in
SBP in older individuals than in younger individuals.
The relative frequency of the allele at this locus that
is associated with higher levels of SBP was estimated
to be .09.

Subjects and Methods

Population Studied

The Rochester Family Heart Study was initiated in
1984 to investigate the effects that environmental and
inherited traits have on lipid transport and hyperten-
sion in a large population-based study. The character-
istics of the Rochester population over age 16 years
are similar to those of U.S. whites, with the exception
of (1) the proportion of the population employed in
the health care industry (8.1%, vs. 6.9% for the U.S.
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white population) and (2) associated higher education
(81.7% with at least 12 years of education, vs. 68.8%
for the U.S. population). Extended pedigrees were as-
certained through households with children enrolled
in primary and/or secondary schools of Rochester (for
details, see Turner et al. 1985, 1989; Moll et al.
1989). Letters requesting participation were sent to
5,270 households that had two or more children en-
rolled in the schools. From a total of 1,812 question-
naires (34.4%) that were returned, 159 households
were judged unsuitable for sampling (Turner et al.
1989). Between 1984 and 1988, 436 households were
contacted and 300 agreed to participate. A total of
2,004 individuals identified by these households com-
pleted a clinic visit. Written consent was obtained
from each subject, and the study was approved by the
Institutional Review Board of the Mayo Clinic and
Foundation.

Before visiting the clinic, individuals were asked to
complete a questionnaire about the use of prescribed
and nonprescribed medications taken during the pre-
ceding month. On the day of the visit to the Mayo
Clinic, each subject was seen by a physician who per-
formed a physical examination, reviewed the persons
medical history, and reviewed the questionnaire re-
garding use of medications.

For the study reported here the following exclusions
were applied to the sample of 2,004 individuals: First,
six non-Caucasians and 14 individuals randomly se-
lected from 14 twin pairs present in the sample were
excluded. Second, 643 individuals age 50 years or
older were removed from the sample. Prevalence of
hypertension in the Rochester population is almost
10 times higher in individuals age 50 years or older
(28.3%) than in those under 50 years (3.3%), and
most of these individuals are on medication to reduce
their blood pressure (Turner and Michels, in press).
Inclusion of all individuals over age 50 years would
lead to a sample in which many individuals have blood
pressure levels lowered by use of antihypertensive
medications. However, inclusion only of older indi-
viduals not on antihypertensive medication would re-
sult in a biased sample of the population over age 50
years. Hence, we chose to consider only that fraction
of the total sample that was less than 50 years of age.
Of the remaining 1,341 individuals, 43 women taking
oral contraceptives and 32 individuals taking antihy-
pertensive medication were excluded. These exclu-
sions led to a final sample of 1,266 individuals distrib-
uted among 278 pedigrees. The average number of
individuals per pedigree was 4.55. Pedigree size
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ranged from one (12 pedigrees) to 19 (one pedigree).
The 12 pedigrees with one individual involved six
adoptees and six individuals whose parents were over
age 50 years. The 266 pedigrees with at least two
individualsincluded 216 nuclear families, 21 extended
pedigrees, and, because of the age restriction, 29 full
sibships. The size of the nuclear families ranged from
two to nine individuals. Both parents and at least one
child were included in 164 of the nuclear families.

Blood Pressure Determination

Blood pressure measurements were taken following
the recommendations of the American Heart Associa-
tion (Kirkendall et al. 1981) by using a random zero
sphygmomanometer (Hawksley & Sons, Ltd., West
Sussex, England). The individuals were asked to re-
main seated for at least 5 min before three readings
were taken in the right arm. Each reading was sepa-
rated by at least 2 min. SBP was recorded at the Korot-
koff phase I sound, while diastolic blood pressure was
recorded at Korotkoff phase IV in children under 13
years of age and at Korotkoff phase V in all others.
The readings were taken by two internists in the adults
and by two pediatricians in the children. No signifi-
cant interobserver differences were found in the mea-
surements of either SBP or diastolic blood pressure
(Turner et al. 1989). Only SBP data were analyzed in
the present study.

Statistical Analyses

Model definitions. —Complex segregation analysis (El-
ston and Stewart 1971; Lalouel et al. 1983) was used
to study the gender- and age-dependent influence that
allelic variation at a single gene had on SBP level. We
first describe the parameters of a general “unified”
model (Lalouel et al. 1983) for the distribution of SBP
in the population at large and then turn to a description
of the hypothesis-testing strategy that was used to es-
tablish the contribution of each parameter of this
model.

The most general model considered here includes
(1) the independent and additive contribution of a sin-
gle factor with major effects on SBP levels, (2) small
additive allelic effects of a large number of independent
polygenes, and (3) individual-specific environmental
influences. This general model assumes Hardy-Wein-
berg equilibrium at all loci, no linkage disequilibrium
between pairs of loci, no epistasis, and no genotype x
environment interactions. The single factor is modeled
as having two alternatives, L (low) and H (high), that
combine to determine three classes, or ousiotypes
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(Canningset al. 1978), of individuals denoted LL, LH,
and HH in this paper. The relative frequencies of L
and H in the population being sampled are p and g (g
= 1-p), respectively. Regardless of whether these
major effects have a genetic or environmental origin,
the analysis assumes that the relative frequencies of the
ousiotypes—f(LL), ALH), and f{HH) in the population
at large—are p?, 2pq, and g2, respectively. Other pa-
rameters of the model define the distribution of SBP
within each ousiotype. They include the phenotypic
mean of each ousiotype and the phenotypic variance
among individuals with the same ousiotype. The dis-
tribution of SBP for the oth ousiotype is assumed to
be normal, with mean p, and a variance 62 attributable
to segregation of polygenes, individual-specific envi-
ronmental effects, and measurement error. The vari-
ance among individuals having a particular ousiotype
(0?) is assumed to be the same for all three ousiotypes.
The effects of polygenotypes (Y,;) are assumed to be
normally distributed about the mean of each ousio-
type, with variance o? (the additive genetic variance).
The ratio 62/6? is the proportion of the variance at-
tributable to the polygenes (h2). The distribution of
SBP for each polygenotype, pg, is assumed to be nor-
mal with variance 6%6? = 62 — o2).

The distribution of SBP in offspring, conditional
on their parental ousiotypes, is defined in terms of
transmission parameters. Ti, T, and T; are the proba-
bilities that an individual of ousiotype LL, LH, and
HH, respectively, transmits the L alternative to his or
her offspring. In general, t(0|os,0.) is the probability
that a child has the ousiotype o, given the ousiotypes
oy and 0,, of the father and mother, respectively. For
the general model (Lalouel et al. 1983), these transmis-
sion probabilities are each estimated under the con-
straint that they be in the interval 0 to 1. The distribu-
tion of polygenotype effects in children, conditional on
polygenotype effects of their parents —Y,esand Ypgm—is
described by the normal distribution N[Ype|(Yper+
Yogm)/ 2, 67/2].

The likelihood L, under this general model, for a
randomly selected pedigree with two parents (individ-
uals 1 and 2) and two offspring (individuals 3 and 4)
is

2
L=3...% § [ [T N(SBP:|Woi + Ypgir 02)
o1

04 pg1 pgai=1

4
X floi) X N(Ypei|0,063) x T N(SBP;|poj + Ypgi» 02)
j=3
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X (051075, 0m) X N[Ypgil (Ypgsi + Yogm)/ 2,03/ 2]
d(pgs) . . . d(pg1) ,

with summations over the ousiotypes and with inte-
grations over polygenotypes. The subscripts i and j
represent individuals with no ancestors (originals) and
individuals with ancestors, respectively, in the pedi-
gree.

The general model described above assumes that
the effect of an ousiotype is on the mean level of the
trait and that this effect is independent of age and
gender. We have extended this model by first modi-
fying the penetrance function of the likelihood to in-
clude a quadratic age regression. For this purpose, p,
in the above likelihood equation is replaced by a, +
B:age + P2 age?, where o, Bl, and B2 represent, re-
spectively, the ousiotype-specific intercept and the lin-
ear and quadratic terms of the regression. An addi-
tional extension of the model allows the regression
parameters to be gender specific in addition to being
ousiotype dependent. The variance about the regres-
sion line (o) was assumed to be the same for each
ousiotype and to be equal in males and females. This
more complete general model that includes ousiotype-
and gender-specific age effects is defined by a total
of 24 parameters: the intercepts and the linear and
quadratic-regression coefficients for each ousiotype in
males and females (18 parameters), the relative fre-
quency (p) of L, the variance (62), the heritability (5?),
and the three transmission probabilities (1, 1, and
T3).

Alternative models, parameter estimation, and hypothesis
testing. — Five alternatives to the general model were
considered. Each represents a restriction of one or
more of the parameter values of the general model
described above. The values of the transmission pa-
rameters determine whether the major effects of a sin-
gle factor are explained by an environmental or a ge-
netic etiology. Under the mixed environmental model,
the transmission probabilities are restricted to equal
the parameter p (t; = 1, = 13 = p). This model hy-
pothesizes that an individual’s ousiotype is indepen-
dent of the parental ousiotypes and hence that the
factors responsible for phenotypic differences are not
transmitted from one generation to another. The
mixed genetic model restricts the transmission proba-
bilities to the values expected under Mendelian trans-
mission (t; = 1.0, 1, = .5, and t; = 0). A polygenic
model explains the distribution of SBP without the
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major effects of a single factor. Hence the transmission
parameters and separate ousiotype means are not in-
cluded in this restricted model. A “no-polygenes”
model explains the distribution of SBP by considering
only the major effects of a single factor and individ-
ual-specific environmental effects; i.e., b? is restricted
to be zero. Finally, the sporadic model describes the
phenotypic variation entirely by individual-specific en-
vironmental effects.

Estimates of the parameters associated with each of
the models considered were taken to be those that
maximized the value of the likelihood of the model,
given the observed data. For the mixed models (b? #
0), the likelihood was computed by using an approxi-
mation to the likelihood (Hasstedt 1982). For all other
models, the exact likelihood was computed by using
the pedigree analysis package (PAP) developed by
Hasstedt (Hasstedt and Cartwright 1981) and was
maximized by using a quasi-Newton optimization
method implemented in the GEMINI computer pro-
gram (Lalouel 1979).

A two-step hypothesis-testing strategy was carried
out to establish whether major genetic effects and poly-
genes are required to explain the distribution of SBP
within and among the 278 pedigrees. In the first step,
each of the five restricted models described above was
compared with a general model in which the intercept
was both gender- and ousiotype-specific but in which
the linear and quadratic age-regression terms were de-
fined to be only gender specific. This corresponds to
the traditional strategy of carrying out a complex seg-
regation analysis on data that have been adjusted for
age variability separately in males and females.

In a second step we compared restricted models with
a general model which defined both the intercept and
the regression relationship between SBP and age to
be both gender and ousiotype specific. Here we first
considered restricted models that represented null
hypotheses about heterogeneity of regression parame-
ters among ousiotypes. The model that, with the few-
est number of linear and quadratic parameters, ex-
plained the data as well as the general model was taken
to be the most parsimonious regression model. Next,
each of the five restricted models that represent null
hypotheses about genetic parameters 11, T2, T3, p, and
h? were compared with the most parsimonious general
model. This two-step hypothesis-testing strategy al-
lowed us to establish the validity of the assumption of
homogeneity of the regression of SBP on age among
ousiotypes, an assumption usually made in the appli-
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cation of complex segregation analysis to human
quantitative data. '

The likelihood ratio test was used for hypothesis
testing. Asymptotically, if the null hypothesis repre-
sented by a restricted model is true, then minus twice
the difference between the log, likelihoods of the re-
stricted and the unrestricted models is distributed ap-
proximately as a y2. df are equal to the number of
independent parameters restricted by the particular
null hypothesis.

Results

The sample of 1,266 individuals included 646 males
age 23.9 + 13.4 (mean + SD) years and 620 females
age 24.9 + 13.7 who had SBP of 106.4 + 12.3 and
102.3 + 12.5 mm Hg, respectively. Gender explained
2.1% of variability in SBP. Age and age squared ex-
plained 28.1% of variability in males and 17.3% of
variability in females. However, since both gender and
age were incorporated into the complex segregation
analysis models, no adjustment of SBP for gender or
age differences was performed.

Table 1 presents the maximum likelihood estimates
(MLEs) of the parameters of the general model, as
well as those obtained under the five restricted models.
A general model that considers the intercepts to be
different but the regression slopes to be the same in
males and females was rejected (¥ = 32.21,df = 2,
result not shown). Hence, all restricted models consid-
ered in table 1 assumed the age regression to be gender
specific. For this analysis we assume that the linear-
and quadratic-regression effects of age on SBP were
equal among ousiotypes (B'um = PBlium = Blunm;
Blum = B’um = B’unm; Blue = Bliwr = B! mmr; and
B2ir = Biur = B?unr). Such a model is equivalent to
the one traditionally used when data are adjusted for
age effects within gender before a segregation analysis
is considered.

Each of the five restricted models was rejected (p <
.01) when compared with the general model. Rejec-
tion of a model without polygenes supports the pres-
ence of polygenic loci. Rejection of polygenic and spo-
radic models when compared with the general model
supports the presence of a single factor with large
effects on SBP. Furthermore, both the mixed genetic
model and the mixed environmental model were also
rejected when compared with the general model.
Therefore, no inference can be drawn about the mode
of transmission of the single factor, as the data do not
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Table |
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Parameter MLEs and y? Statistics Obtained from Complex Segregation Analysis of SBP When Intercept
Is Ousiotype Specific and Gender Specific But Slope Is Only Gender Specific*

VALUE GIVEN BY MODEL?

Mixed

PARAMETER General No Polygenes Environmental Mixed Genetic Polygenic Sporadic

.621 + .068 .817 .840 .811 1.0 1.0
80.562 + 1.977 78.026 81.135 80.769 81.843 79.404
78.858 + 3.177 89.366 81.179 79.905 81.843 79.404
100.649 + 4.676 104.452 101.667 101.079 81.843 79.404
2.076 + .182 1.932 1.927 1.970 1.889 2.119
2.076 + .182 1.932 1.927 1.970 1.889 2.119
2.076 + .182 1.932 1.927 1.970 1.889 2.119
-.31 + .003 -.029 -.028 -.029 -.028 -.032
-.31 + .003 -.029 -.028 -.029 -.028 -.032
-.31 + .003 -.029 -.028 -.029 -.028 -.032
91.654 + 2.007 87.977 90.672 89.810 92.767 91.303
91.353 + 4.348 99.873 92.832 94.788 92.767 91.303
119.764 + 5.144 125.369 122.920 122.304 92.767 91.303
566 + .182 581 .596 .556 .460 585
566 + .182 581 .596 .556 .460 .585
.566 + .182 .581 .596 .556 460 585
-.005 + .003 -.005 —-.005 -.004 -.002 —-.004
—.005 + .003 -.005 -.005 -.004 -.002 -.004
-.005 + .003 -.005 -.005 -.004 -.002 —-.004

.388 + .068 Ce .382 .335 .374 R
9.758 + .280 8.456 9.929 9.638 10.858 10.869

(1.0] [1.0] (p) (1.0)
.866 + .078 522 (p) (.5)

.046 + .176 .290 (p) (.0) R R
4,749.334 4,758.913 4,762.825 4,756.507 4,786.177 4,816.793
19.16* 26.98* 14.35* 73.69* 134.92*

1 2 2 7 8

# The mean p, of the oth ousiotype is given by the following regression: a, + Bl,-age + P%-age?, where a, B! and B2 are, respectively,

the intercept, slope, and quadratic terms of the regression.

® All models are obtained by restricting the linear and quadratic effects to be equal among ousiotypes in males (B'im = Bliam = Bliim
and B2um = B’um = B?hum) and to be equal among ousiotypes in females (B'tir = Bliur = B'mur and B2ir = Pinr = Pinr). Brackets
indicate that the value is at the boundary; parentheses indicate that the value is fixed.

*P<.01.

support either genetic transmission or the alternative
of no transmission of the effects of this factor from
parents to offspring.

The MLEs of the parameters of a general model that
includes gender- and ousiotype-dependent intercepts
and regressions of SBP on age are presented in the first
column of table 2. The comparison of this “complete”
general model with the general model of table 1 reveals
that the hypothesis of no ousiotype-specific age effects
is rejected with a ¥ = 33.75 (P < .01). Hence, we
conclude that a model with gender- and ousiotype-
dependent age regressions fits the data significantly
better than does a model that considers only gender-
specific age regressions.

In order to determine the most parsimonious regres-
sion relationship between SBP and age within each
ousiotype for each gender, a series of tests of the age-
regression parameters were then performed. We first
considered whether the quadratic terms were needed,
by constraining to zero, simultaneously in males and
females, the second-order coeflicients (B2 = B2Lum
= B%nm = B’k = Bk = B?hur = 0). This reduced
model was rejected with a > = 107.03 (df = 6).
However, the hypotheses of no quadratic effects in
only HH (B%uum = B%unr = 0) and in both HH and
LH (B’um = B’umum = B’ = B?unr = 0) ousiotypes
were not rejected (2 = 1.96,df = 2 and ¥ = 2.48,
df = 4, respectively). These results suggest the pres-
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Table 2
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Parameter MLEs and y? Statistics Obtained from Complex Segregation Analysis of SBP by Using an

Ousiotype- and Gender-specific Age-Regression Model*

VALUE GIVEN BY MODEL?

Complete Most Mixed Mixed
PARAMETER General Parsimonious Environmental Genetic No Polygenes
.825 .865 .900 914 + .021 .880
77.325 78.617 78.824 78.595 + 2.15 76.524
93.144 85.961 87.355 90.439 + 3.79 101.244
131.686 107.524 86.817 103.582 + 14.17 100.708
2.478 2.329 2.324 2.265 + .198 2.269
.035 .769 751 .730 + .099 .528
-1.250 974 1.517 1.156 + .429 1.305
-.041 -.038 —-.038 -.036 + .004 -.036
.012
.034
93.654 94.799 96.337 93.887 + 1.20 92.173
77.445 88.412 81.302 92.372 + 5.22 98.120
17.077 108.642 107.207 90.492 + 17.95 100.702
.402 .237 .198 .269 + .041 .285
1.860 921 1.088 861 + .124 .609
9.243 1.402 1.379 1.857 + .592 1.214
-.004 ..
-.018
-.139
.441 436 .439 .366 + .077 (0)
9.201 9.415 9.438 9.466 + .249 8.833
.928 .944 (p) (1.0) (1.0)
921 .891 (p) (.5) (.5)
(0] [0] (p) (.0) (.0)
4,730.263 4,734.497 4,739.915 4,737.419 4,749.484
8.47,df = §
Most parsimonious........ 10.84%,df = 2 5.84,df = 2
Mixed genetic............... 24.13*,df = 1

# The mean y, of the oth ousiotype is given by the following regression: a, + Bl,-age + B -age?, where a, B! and B2 are, respectively,

the intercept, slope, and quadratic terms of the regression.

® Brackets indicate that the value is at the boundary; parentheses indicate that the value is fixed.

*P<.01.

ence of a significant quadratic effect in either LL males
or LL females. The quadratic-regression parameter
obtained from the model with no quadratic effects in
LH and HH ousiotypes in males and females were
smaller in LL females (% = —.007) than in LL
males (B%..r = —.04). The second-order coeflicient in
LL females was then constrained to zero to give the
most parsimonious regression model presented in the
second column of table 2. This model was found to fit
the data as well as did the complete general model (>
= 8.47, df = 5). The fact that the ousiotype-specific

regression equations were different in-males and fe-
males further supports the gender-specific nature of
the relationship between SBP and age.

Other reduced models were then compared with this
most parsimonious model. Tests regarding the mode
of transmission of the gender- and age-dependent
single-factor effects were first conducted. The hypoth-
esis of no transmission (mixed environmental model)
of the single-factor effects was rejected (x*> = 10.84,
df = 2), while the hypothesis of Mendelian transmis-
sion of these effects (mixed genetic model) could not
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be rejected (x> = 5.84, df = 2). Only 2 df were used
to derive the probability levels associated with the %2
values of these two models, because the MLE of 13
was at the boundary in the most parsimonious model.
These results suggest that SBP is influenced by major
effects of allelic variation at a single gene that are gen-
der and age dependent. Finally, the hypothesis that
the polygenic component contributes to the variation
about the regression lines was tested by fixing »? at
zero. When tested against the mixed genetic model,
this hypothesis is rejected (y* = 24.13, df = 1).

Although the mixed genetic model was not rejected
when compared with the most parsimonious general
model in table 2, the estimate of T, was .944, the
estimate of T, was .891, and the 2 was 5.84 (2 df).
We partitioned the ¥? into two single tests to determine
whether the estimate of 1, was different from the Men-
delian expectation of .5. We estimated the parameter
MLEs and log.L under a model with 1, and t; re-
stricted to their Mendelian expectations and allowed
only 15, p, b2, 62, and the penetrance parameters to
float. The value of -logL under this model
(4,736.401) was then compared with (1) that of the
most parsimonious general model as a test of 73 and
(2) that of the genetic mixed model as a test of T,. The
%2 of the test was 3.81 (df = 1) for 13 and was 2.03
(df = 1) for 1,. This partitioning of the > comparing
the mixed genetic model with the most parsimonious
general model confirms that neither 1, nor 1, is signifi-
cantly different from the Mendelian expectation for it.

The analyses presented in tables 1 and 2 give strong
support to the hypothesis that both a single gene with
gender- and age-dependent effects and polygenes con-
tribute to the determination of interindividual differ-
ences in SBP. Under the mixed genetic model, re-
stricting the effects of the H allele to be either dominant
or recessive to the L allele, for both the intercept and
slope in both males and females, resulted in a poorer
fit of the data, compared with the model in table 2 (?
= 17.22, df = 4, p < .01 for H dominant; x? =
78.84,df = 4, p < .01 for H recessive). The estimate
of the relative frequency of the H allele in the Roches-
ter population is .09. Approximately 1% of the popu-
lation will be homozygous, and 16% will be heterozy-
gous for this allele. The regression lines from the
best-fitting model (mixed genetic model; table 2) are
presented in figure 1. The plots of the regressions show
that allelic variation in this single gene is associated
with larger differences among older individuals than
among younger individuals. This effect is stronger in
females.

101
FEMALES
185 HH
166
o
I
£
E a5 LH
a
m
o
3126
o
b LL
»
105 ///
85

T T T T T T T T )
5 10 15 20 25 30 35 40 45 50
AGE (years)

MALES

185 1

165 HH
°
E3
£
E 145
& LH
<}
3 125
5
s LL

108

85 : , ; ; — - ; .

5 10 15 20 25 30 35 40 45 50
AGE (years)

Figure | Relationship between SBP and age in LL, LH, and

HH genotypes in females and males. Data are derived from the
parameter estimates of the mixed genetic model (table 2).

Discussion

The present study represents one of the first applica-
tions of complex segregation analysis to blood pres-
sure measurements obtained in a large number of pedi-
grees ascertained, without regard to health, from the
population at large. Furthermore, to the best of our
knowledge, this is the first time that a gender- and
genotype-specific age-regression model has been used
to investigate the genetics of a quantitative trait in
humans. Two major findings emerged from the pres-
ent study.

First, the use of a complex segregation analysis
model that considers the effects of the single locus to
be gender and age dependent provides a strategy to
find more support for a single gene with a large effect
on differences in SBP. This is well illustrated when
results presented in table 1 and table 2 are compared.
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The only interpretation that can be made from the
results obtained in table 1 is that both polygenes and
a single factor probably contribute to SBP differences
in this population. No inference can be made about
the mode of transmission of this factor from one gener-
ation to the other, because both mixed genetic and
mixed environmental models are rejected. However,
when the relationship between SBP and age is ousio-
type dependent (table 2), the complex segregation
analysis provides strong support for the role of a single
gene in determining interindividual variation. This
finding suggests that the traditional mixed model of
complex segregation analysis (Elston and Stewart
1971; Lalouel et al. 1983), a model which specifies the
major effects that a single factor has on the level of a
trait after adjustment for concomitants, does not re-
flect adequately the complexity of the relationship be-
tween the genotype and the phenotype in determining
the multifactorial inheritance of blood pressure. Mod-
els that consider the influence of a single locus to be
dependent on concomitants such as gender and age
are likely to be more realistic and to have the potential
to improve our understanding of the genetics of blood
pressure, as well as our understanding of other quanti-
tative traits that are involved in determination of the
etiology of common human diseases.

The second finding is that, for the first time, blood
pressure is shown to be influenced by common allelic
variations at a single gene. Although a recent study
reported evidence for a rare genotype at a single locus
associated with low SBP levels (Carter and Kannel
1990), that study did not consider the mixed environ-
mental model as a reduced model. Furthermore, a very
rare gene for low SBP cannot be a gene that contributes
to the predisposition to hypertension. The new finding
emerging from the present study is that the effects asso-
ciated with the single-locus genotypes are gender and
age dependent. Larger mean differences among geno-
types occur in older individuals compared with
younger individuals. The results presented in figure 1
and table 2 suggest that about 17% of the population
will carry an allele that is predictive of larger differ-
ences in older persons. In a 30-year follow-up study
of blood pressure in a cohort of 1,050 white males,
Harlan et al. (1973) have shown that individuals with
the highest values of SBP at age 54 years had higher
SBP levels at age 24-54 years and experienced a steep
rise of blood pressure in middle age. These results are
consistent with those obtained in the present study and
suggest a basis for tracking of SBP over time in adults.
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Figure 2  Percent of SBP variation attributable to single-locus

genotype in males and females at different ages. Estimates are from
the mixed genetic model in table 2. Total phenotypic variance (V)
in SBP is partitioned as Vp = Vmg + Vg + Vi, where Vi is the
variance attributable to variation at the major-locus genotype, Vi
is the variance attributable to polygenes, and Vg is the variance
associated with individual-specific environmental factors. In this
model, the fraction of variance attributable to polygenes (Vpc/ Vp,
where Vi = h%6?) and to individual-specific environmental factors
(Ve/ V,, where Vg = 62— Vpg) is the same across gender and age.
Within each gender and at a given age the variance associated
with differences among genotypes is Vmg = pHmi—-np)* + 2pg
(men—u)? + g¥(uun — )2, where p is the weighted mean of adjusted
SBP on the ousiotype frequencies (0 = ppiL + 2pguin + ¢*pun).
The proportion of total phenotypic variance attributable to varia-
tion at the major-locus genotype is Vug/ Vp.

Under the assumption that allelic effects are gender
and age dependent in the Rochester population, one
can estimate the impact that the single gene has on
variation in SBP among individuals at different ages.
For this purpose the parameter estimates of the mixed
genetic model presented in table 2 were used to com-
pute the percent of SBP variation attributable to the
single-locus genotypes. The results are presented in
figure 2. Given that the assumptions underlying our
model are true (the frequency of the H allele and poly-
genic variance do not change across ages and genders,
and there is homogeneity of the phenotypic variance
about the gender- and genotype-specific regressions),
this figure suggests that the impact that the single gene
has on SBP variation increases with age in both males
and females. The major effects of this single gene ac-
count for about 1% and 6% of the SBP variation at
the age of 5 years and about 61% and 55% of the
variation at the age of 50 years in females and males,
respectively. Over this age interval the total expected
phenotypic variance in SBP increases from 95.8 to
199.7 in males and from 90.0 to 232.7 in females.
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Only speculations can be made about the mechanism
through which this single gene affects SBP at different
ages. The gene may be “switched on” at a certain pe-
riod in life and may contribute to the elevation of
blood pressure independently of the influence of envi-
ronmental factors. It is also possible that a specific
combination of environments occurring at a given
time in an individual’s life may lead to the expression
of the gene.

How can these results improve our understanding
of the genetics of essential hypertension? At the heart
of the Platt-Pickering controversy was the central
question of unimodality versus multimodality —or,
in other words, whether blood pressure variation
in the population could be represented by a single con-
tinuous distribution or by a mixture of two or more
distributions (Swales 1985). Platt (1967) argued that
individuals with essential hypertension represent a
subgroup characterized by an inherited tendency to
develop high blood pressure in middle age, and he
hypothesized that segregation of blood pressure into
“normotensives” and “hypertensives” was the result of
a single gene with a dominant pattern of transmission.
This hypothesis implies that the major effects of this
single gene are expected to be age dependent. Greater
evidence for mixture of distributions and for an in-
crease in blood pressure variance with age are pre-
dicted by this hypothesis. The results of Rice et al.’s
(1990) recent study of commingling and segregation
analyses of blood pressure in French-Canadian fami-
lies are consistent with this hypothesis. Their study
found evidence for commingling in parents and in the
pooled sample of parents and offspring but not when
only offspring were considered, suggesting that the
factor responsible for admixture in the distribution of
SBP is age dependent. These results are also consistent
with the results reported here, as we observed larger
mean differences among single-locus genotypes as in-
dividuals age. On the other hand, our results are also
in agreement with Pickering’s view, as they support the
significant contribution of polygenes in determining
interindividual differences in blood pressure. Al-
though the biometrical studies reported here do not
identify the single gene responsible for elevated blood
pressure, they do suggest that Platt and Pickering were
probably both correct, in part, in their explanations
of the genetic etiology of essential hypertension.

In summary, results of the present study reveal that
major effects of allelic variation at a single gene inter-
act with effects of factors that are associated with gen-
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der and age to determined interindividual differences
in blood pressure. This gene may be involved in de-
termining a predisposition for development of hyper-
tension in a subset of the population. The validity of
this hypothesis will be tested in an independent sample
of data that is currently being collected in the Roches-
ter population. The results reported here also em-
phasize the need to consider models that reflect more
adequately the relationship between genotype and
phenotype to better understand the influence of ge-
netic factors in complex traits such as blood pressure.
The models used in the present study represent a step
in that direction.
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