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An exploration of the genetic and environmental etiology
of heart rate in infancy and middle childhood
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Heart rate was recorded on 210MZ and 174DZ same sex twin pairs participating in the
MacArthur Longitudinal Twin Study (MALTS) at age 14, 20, 24, 36 months and 7 years. Heart rate
was monitored in the laboratory at all ages. At ages 14 to 36 months, heart rate was monitored
prior to a set of cognitive tasks. At age 7 years heart rate was recorded during a mood-eliciting
videotaped presentation. At this age only heart rate monitored during neutral portions of the
presentation were used. Mean heart rate declines substantially across this age range, but is similar
in boys and girls and for MZ and DZ twins at each age. Heart rate is moderately correlated across
all timepointssuggestingthat individual differencesin heart ratearerelatively stable over thisage
range. Multivariate genetic and environmental models were fitted to the raw data. In general,
genetic factors contribute to the stability of individual differences over time. Shared and non-
shared environment factors tended to be occasion specific, with non-shared environment
contributing substantially to the individual variation at each age. Shared environment and non-
shared environment also contributed a modicum to the stability across time. Thus, individual
differences in resting heart rate is a relatively stable, heritable trait from infancy to early

childhood. Twin Research (2000) 3, 259-265.
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Introduction

There is growing interest in heart rate patterns in
childhood as predictors of later behavior." Inhib-
ited children for instance were found to have higher,
more stable heart rates than uninhibited children,®
and children with low heart rates have been reported
to have a greater tendency to engage in delinquent
behaviour.” The conceptualization of heart rate as an
indicator of temperament would be perhaps more
plausibleif individual differencesin heart rate were
shown to be a stable, heritable characteristic. Studies
support the stability of individual differences in
heart rate for both children and adults.®°® Mathers,
Woodall, and Stoney’ reported an average correla-
tion Of 0.46 for heart rate measured over a 4year
interval on children aged 6-18. Correlations for
males were slightly higher than those for females.
Fracasso, Porges, Lamb, and Rosenberg® recorded
infant heart rate at 5, 7, 10, and 13 months. Correla-
tions over these ages range from 0.32 to 0.57.
Numerous family and twin studies have provided
evidence for a moderate genetic influence in heart
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rate. " Singh,™ for instance, compared sibling and
spousal correlations in the Framingham Heart Study
and suggested that genetic factors accounted for 21%
of the variance. Most twin studies that focus on
adolescent and adult populations report higher
heritabilities of approximately 0.5.">”"” One study of
11-year-old twins also found that genetic factors
contributed to 50% of the variance.'® However,
another study which included younger twins, aged
5-12 years, reported a lower heritability of 0.37."°
Modeling techniques allow one to move beyond
simply estimating heritabilities from twin correla-
tions to determining the role of genetic, shared
environmental and non-shared environmental influ-
ences on a phenotypic trait and its development.
Boomsma® fitted genetic modelsto resting heart rate
obtained from adolescents (aged 14-20 years). Again,
heritable factors were found to account for approx-
imately 50% of the individual variation in resting
heart rate. Shared and non-shared environmental
factors contributed about a quarter each to the
remaining variation. However, several other studies
on both adults and children failed to find any effect
for shared environment.'®'® Rather, genetic and
non-shared environment each contribute about
equally to the individual variation in resting heart
rate.

Whilst there have been studies on the stability of
heart rate in young children there are few studies on
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the heritability of heart rate at early ages. Also, there
are few studies that examine the heritability of heart
rate over time. The purpose of this study is to
determine if individual differences are stable from
infancy to middle childhood and, if so, to what
extent the stability is due to genetic or environ-
mental factors, and how these factors change across
time. Women tend to have faster resting heart rates
than men.?" Also, it is well known that heart rate is
inversely related to body size developmentally and
across species,”® and both height and weight are
highly heritable.?® Therefore the effect of these
possible confounding variables on the etiology of
heart rate are also considered.

Method
Subjects

The sample consisted of 210 monozygotic (MZ) and
174 dizygotic (DZ) same sex twin pairs from the
MacArthur Longitudinal Twin Study (MALTS).
There were 105 male and female MZ pairs, 93 male
DZ pairs and 81female DZ pairs. MALTS was
initiated in 1986 and enrollment lasted until the end
of 1990. Duringthistimethe Colorado Department of
Health contacted all twins born in the state; 50% of
eligible families agreed to take part in twin studies.
Families were selected preferentially for twin births
that met the criterion of having a birth weight of
1700 g or more, a gestational age of at |east 34 weeks,
and excluding those with medical complications.
Over 90% of the sampleis Caucasian, of which 8% is
Hispanic. Biases in demographic variables between
the subject sample and the general population were
small and there was no selective attrition over time.
Zygosity was initially determined using a ques-
tionnaire based on the diagnostic rules developed by
Nichols and Bilbro®* and, in most cases, zygosities
have been confirmed by genotyping. The actual
sample size at each age ranges from 442 to 573 sub-
jects; missing data occurred because of equipment
failure, excessive noise in the ECG signal, and
subject non-participation on one or more
occasions.

Procedures

Heart rates were recorded in the laboratory at age 14,
20, 24 and 36 months and at age 7 years. At ages 14,
20, and 24 months subjects’ heart rates were mon-
itored for 90s prior to a set of cognitive tasks during
which six slides were presented for 15s each (pre-
task). Heart rate was monitored again for two
minutes on completion of word comprehension,
categorization, and memory locations tasks (post-
task). At age 36 months heart rate was monitored for
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two minutes prior to and upon completion of a set of
cognitive tasks. Because of the high correlations
between pre-task and post-task heart rate (r ranged
from 0.75 to 0.82) at these ages the heart rate used in
the present analysis is the average across pre-task
and post-task conditions. At age 7 years, heart rate
was recorded while subjects viewed the Mood
Induction Stimulus for Children,?® a videotaped
presentation designed to present mood inducing
stimuli. Each 60s mood-inducing episode was pre-
ceded by a15s neutral event. ECG signal was used to
determine inter-beat intervals (IBI), which represent
milliseconds between successive R-waves. The
R-wave onset times were scored automatically and
checked manually. A mean IBI was calculated for
each of the nine neutral events. Heart rate for age
7years was calculated as the mean IBI across all
available neutral events, and converted to beats per
minute prior to further analysis.

Model fitting

The purpose of this study is to explore the contribu-
tions of genes and environment to the individual
differences in heart rate and to the change and
continuity of heart rate from infancy to middle
childhood. To that end, a sequence of models was
fitted to the raw data, beginning with a fully
parameterized model and proceeding to more parsi-
monious models proposed in the developmental
genetic literature. For each class of models three
sources of variation, genetic, shared environmental
and non-shared environmental, were considered and
a series of submodels were tested to arrive at the
most parsimonious explanation of the data. In order
to make comparisons between competing models it
was necessary to establish a baseline model for raw
data. To do so, amodel which made no assumptions
about the genetic and environmental contributions
to the variance was fitted to the 10heart rate
observations for each twin pair. For each zygosity,
this fully saturated model allowed for 55 parameters
to specify the expected variances and covariances
among the observations. Instead of estimating the
means for each zygosity as well, in this and all
subsequent models, the mean values for each zygos-
ity group were set to the observed means for that
group. All models were fitted to the unstandardized
observations by Maximum Likelihood Estimation
implemented in the program Mx.>® When fitting to
raw data, the log likelihood function maximized is

LL=2 =331 =00 =T (= ).

In this equation, Z; refers to the expected covariance
matrix appropriate for the twin type, x; is a vector of
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observations, and p is a vector of means for the twin
type.

Next a Cholesky decomposition wasfit to the data.
A Cholesky decomposition is a series of factor
models that saturate the observed variances and
covariances. That is, for each source of variation,
genetic (a®), shared environment (c®), and non-
shared environment (%), 15free parameters are
necessary to specify the variances and covariancesin
heart rate measured over the five ages. This yields a
total of 45parameters. The expected covariance
matrix is defined as

2={G+C+E r®G+C}
ro G+C G+C+E

where G, the additive genetic variance, is a product
of the matrix of path coefficients from the latent
genetic factor to the phenotype and its transpose, C
is the shared environmental variance, E is the non-
shared environmental variance, and r is the additive
genetic correlation (1.0 for MZ twins and 0.5 for DZ
twins). A significantly worse fit relative to the
baseline model would indicate a failure of the
assumption that the variances and covariances
among the measurements are the same for all
individuals in the study, irrespective of zygosity or
designation as first or second twin, and/or a failure
of the assumption that DZ twin pair covariances are
not greater than MZ twin pair covariances.
Common Pathway, Independent Pathways, and
Simplex models were also fitted to the data. Each
model makes different assumptions about how latent
factors influence the development of the phenotype.
In a Common Pathway model the covariation
between ages results from a single latent phenotypic
variable determined by genetic and environmental
factors; this latent phenotype has a direct effect on
each of the five heart rate measurements. The
variation at each age is determined by the common
latent phenotype together with age-specific genetic
and environmental factors. Thus, only 23 parameters
are required to account for the variances and
co-variances of the five heart rate measurements. In
the Independent Pathways model, covariation
between ages is determined by separate genetic,
shared environmental, and non-shared environ-
mental factors common to heart rate at all five ages.
Variancein heart rate at each ageis again determined
by the factors common across ages together with
genetic and environmental factors specific to each
age resulting in 20specified parameters. In the
Simplex model covariances among the five ages of
measurement are specified by genetic and environ-
mental factors specific to each age and the ‘carry-
over effects’ or transmission of these factors to
subsequent ages. The variance is a product of the
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age-specific effects and age-to-age transmission.
Hence, the additive genetic covariance matrix is

G = (I - Bo) "Wo(l = Bo)

where genetic transmission parameters are modeled
in matrix Bg, @5 X 5matrix with four transmission
parameters on its subdiagonal, and Wg is a
5 X 5diagonal matrix of age-specific variances. Sim-
ilar parameter matrices can be defined for the other
sources of variation giving a total of 27 parameters.

Results

The means and standard deviations for MZ and DZ
twins, pooled across genders, are presented in
Table1. Girls had faster average heart rates than boys
although the mean differences did not exceed 2 beats
per minute (bpm) and only reached significance at
age 24 months. Mean differences between MZ and
DZ twins also did not exceed 2bpm, and there was
no effect for twin order. Three outliers more than
four standard deviations from the group mean for the
same age and gender were excluded from the
analysis. Heart rate decreased markedly from
approximately 134bpm at age 14 months to 83bpm
at age 7years. A repeated measures ANOVA indi-
cated significant decreases in heart rate across ages.
However, the individual differences in heart rate
remain modestly stable, as can be seen from the
correlations among the five ages of measurements
(see Table?2). Correlations for each age calculated
separately for MZ and DZ twins are shown in

Table 1 Means and standard deviations for heart rate
MZ twins DZ twins
Age N Mean S.D. N Mean S.D.
14 months 318 134.03 9.87 255 133.48 10.12
20 months 281 129.78 9.34 244 128.27 9.55
24 months 289 126.30 9.09 260 126.09 9.71
36 months 243 117.21 10.11 199 118.15  10.73
7 years 233 81.72 9.29 204 83.82 9.66
Table2 Correlations between heart rate at each age
14 months 20 months 24 months 36 months
20 months 0.39
(429)
24 months 0.33 0.44
(438) (445)
36 months 0.33 0.34 0.49
(344) (344) (358)
7 years 0.30 0.26 0.29 0.48
(325) (311) (329) (267)

Sample sizes are in parentheses. All correlations are significant
at the 0.001 level.

261


https://doi.org/10.1375/twin.3.4.259

Genetics of heart rate in childhood
CA Van Hulle et al

262

Table3 MZ and DZ twin correlations for heart rate at each age

MZ twins DZ twins
14 months 0.58 0.49
(139) (112)
20 months 0.46 0.40
(130) (113)
24 months 0.64 0.36
(135) (123)
36 months 0.49 0.42
(106) (84)
7 years 0.65 0.44

(111) (98)

Sample sizes are in parentheses. All correlations are significant
at the 0.001 level.

Table 3. At each age of measurement the MZ correla-
tion is higher than the DZ correlation suggesting
genetic influences on heart rate. However, the high
DZ correlations relative to half the MZ correlations
suggest that shared environment influences heart
rate as well. Finally, the moderate MZ correlations,
less than unity, indicate the influence of non-shared
environment and unreliability.

The results of the model fitting are presented in
Table4. The adequacy of any model compared with
thefully saturated baseline model can be determined
by a likelihood ratio %° test derived from the
differences in log-likelihoods. As noted above there
are small but occasionally significant gender differ-
ences. An omnibustest of the heterogeneity of means
and covariances between the genders, in which a
baseline model that constrained means and covar-
iances to be the same across genders was compared
with a model that allowed for different means and
covariances for each gender, proved to be non-
significant (Ay2s, = 154.14, P = 0.07). Therefore, the
analyses presented below were performed on pooled
data. As can be seen from Table4, the Cholesky
decomposition did not produce a significantly worse
fit than the baseline model (P = 0.09), though it is
much more parsimonious. An examination of the
path coefficients suggests the presence of a single
genetic factor common to all ages and, to a lesser
extent, a single shared environmental factor com-
mon across ages. Non-shared environmental factors
seem specific to each age.

Of the more theoretical models, only the Common
Pathway model failed to fit the data (P = 0.003). Both
the Independent Pathways and Simplex models did
not provide a significantly worse fit compared with

Table4 Model comparisons

the baseline model (P = 0.12 and 0.11, respectively).
Inspection of the parameter estimates from the
Independent Pathways model suggested that genetic
factors common across ages contributed more to
individual variation than genetic factors specific to
each age. Conversely, environmental factors specific
to each age appeared to contribute more to the
individual variation than environmental factors
common to all ages. Several submodelswere fitted to
the data. The fit of these submodels relative to the
full Independent Pathways model are presented in
Table5. As suspected, dropping the common genetic
factor from the model caused the model to fail
(P <0.001). The Akaike’s Information Criterion
(AIC), x*—2df, is often used as a measure of the most
parsimonious description of the data. Inspection of
the AIC values revealed the best fitting submodel to
be that in which only those genetic factors specific to
each age were dropped (AIC = -70.35). Similar
results were obtained from the Simplex model. As
before, several sub-models were fitted to the data.
Their fit relative to the full Simplex model is also
presented in Table5. Once again a model in which
genetic transmission factors were dropped fitted
significantly worse than the full model (P < 0.001).
Also, the sub-model with the lowest AIC value again
excluded genetic effects specific to each age (AIC = —
71.14). The reduced Independent Pathways and
Simplex models are presented with their standard-
ized path coefficientsin Figures1 and 2 respectively.
The estimated proportions of genetic, shared envi-
ronmental and non-shared environmental variances
based on the most parsimonious Independent Path-
ways and Simplex submodels are presented in
Table6.

The possible confounding effect of body size was
also explored. Since both height and weight are
heritable and are related to heart rate, it was
desirable to determine if the genetic influences in
heart rate existed above and beyond individual
differences in height and weight. Boys were sig-
nificantly heavier than girls at all ages except age
7years and were significantly taller except at age
22 months and at age 7 years. Heart rate at each time
point was regressed on gender, height, weight and
the interactions of height and weight with gender. In
general height and weight only accounted for 3—-5%
of the variance in heart rate. The residuals were
fitted to a Cholesky decomposition and compared

Model -2+ LL Ax? Adf P-value AlC
Baseline model 17 953.61

Full Cholesky decomposition 18 034.37 80.76 65 0.09 —49.24
Full common pathway model 18 083.13 129.53 87 0.003 —46.47
Full independent pathways model 18 048.74 95.13 80 0.12 —64.87
Full simplex model 18 053.04 99.43 83 0.11 -66.57
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with the fully saturated baseline model. The Chol-
esky decomposition produced a significantly worse
fit than the baseline model (P = 0.03). However, the
standardized estimates derived from fitting a Chol-
esky decomposition to raw heart rate data and those
derived from fitting a Cholesky decomposition to the
residual heart rate data show a high degree of
agreement. Borrowing from factor analysis, a coeffi-
cient of congruence was calculated between the two
sets of estimates according to the formula

2|i1 : |i2
2 2
2|i1 'I\Z

where |, is the ith path coefficient from the first
solution and |,, is the corresponding coefficient from
the second solution. The coefficient of congruence
was 0.98 for the genetic and non-shared environ-
ment loadings, and 0.90 for the shared environment
loadings. Therefore, the pattern of influences on
heart rate that we have described appear to belargely
independent of body size.

Discussion

Several modelswere found to fit the data adequately;
the best-fitting models excluded genetic effects spe-
cific to each age. Longitudinal data often conform to
a Simplex structure, that is, correlations are highest
between adjacent time points and decrease system-
atically as the distance between time points
increases, and are best explained by the Simplex
model as described above. However, when the
transmission parameters of the Simplex model
approach unity, as they do here for the genetic
effects, then the expectations based on the model

Table5 Comparison among submodels

Genetics of heart rate in childhood
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become indistinguishable from those based on an
Independent Pathways model. This suggests that
either the Simplex or the Independent Pathways
submodels that exclude age specific genetic effects
give essentially equivalent explanations of the data.
From Figures1 and 2 and Table®6, it can be seen that
both models show that stability across ages in
individual differences is largely due to a single
genetic factor. However, each model indicates a
slightly different pattern of influence for shared and
non-shared environments. In the Independent Path-
ways model shared environment contributes moder-
ately to individual variation at each age but, except
for small effects at ages 14 and 20 months, does not
contribute much to the stability across time. The
opposite pattern is evident in the Simplex model.
Again shared environment contributes moderately to
the individual variation within a given age. How-
ever, there are moderate shared-environmental trans-
mission effects at ages 36 months and 7 years. Non-
shared environment contributes as much as 28% of
the covariance in the Independent Pathways model,
while contributing almost nothing to the stability of
individual variation over time in the Simplex
model.

In general, non-shared environment contributed
30% to 50% of the individual variation. Of the
remaining variance, genetic factors accounted for
slightly more than shared environment. Genetic
factors contributed about 20-50% toward the total
variance and shared environment influences contrib-
uted 10—40% to thetotal variance. In this sample the
genetic factors influencing heart rate do not appear
to be mediated by body size, although few children
fell into the extreme ranges for body size.

Interest in resting heart rate stems from reports
that heart rate is an important indicator of certain

Model 2+ LL Ax? Adf P-value AlC

Full independent pathways model 18 048.74
Dropped age specific a? 4.52 5 0.47 -70.35
Dropped age specific ¢? 10.08 5 0.07 —64.70
Dropped common a? 30.51 5 <0.001 20.52
Dropped common c? 11.96 5 0.03 —-62.90
Dropped common &? 17.14 5 0.004 -57.70
Dropped age specific a? and common €? 19.90 10 0.03 —64.90
Dropped age specific a? and common c? 18.74 10 0.04 -66.13
Dropped age specific a? and specific ¢? 64.53 10 <0.001 —20.34

Full simplex model 18 053.04
Dropped age specific a2 3.46 4 0.48 -71.14
Dropped age specific ¢2 7.89 4 0.09 -66.67
Dropped common a? 111.99 4 <0.001 37.59
Dropped common c? 8.76 4 0.06 -65.81
Dropped common & 7.25 4 0.12 —67.31
Dropped age specific a> and common €2 11.48 8 0.18 -71.09
Dropped age specific a? and common c? 20.9 8 0.007 —61.66
Dropped age specific ¢? and common &? 14.68 8 0.06 —-67.89
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Figure1 Independent pathways model of latent genetic, shared
environmental, and non-shared environmental effects (A, Cand E
respectively) common to all five ages as well as shared and non-
shared environmental effects specific to each age

ITA o

behavioral characteristics such as childhood inhibi-
tion and delinquency.**” Whether or not heart rate
really is indicative of behawor remains in question.
For instance, Raine et al®® found that resting heart
rate measured as early as age 36 months predicted
deliquency at age 11years; however, Van Hulle et

al® failed to replicate the predictive relationship
between heart rate and later delinquent behavior up
to age 7 years. A better understanding of the under-
lying genetic and environmental influences on heart
rate over time would strengthen an analysis of the
association between heart rate and behavior. Thisis
one of the few studies to examine the etiology of
heart rate over time and confirms that individual
differences in resting heart rate are indeed stable
from infancy to middle childhood and genetic
factors are primarily responsible for this stability.
Although shared environment also contributes to the
stability of individual differences, such factors con-

Table 6 Estimated standardized variance components

A ) @ 148 (l‘gi ﬁ)
14 20 24 36
months months I months months yc ars

ééé

Figure2 Simplex model of genetic, shared environmental, and
non-shared environmental effects (A, C, E respectively) on heart
rate at 5 ages. The age specific effects are represented by unlabeled
arrows

63

tribute more towards individual variation at specific
ages. Non-shared environment contributes substan-
tially to the individual variation at each age but
contributes marginally to individual differences
across ages.
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14 months 20 months 24 months 36 months 7 years

Independent Pathways®

Genetic 0.22 (100%) 0.27 (100%) 0.36 (100%) 0.50 (100%) 0.46 (100%)

Shared environment 0.40 (100%) 0.17 (8.5%) 0.24 (0.01%) 0.05 (3.2%) 0.21 (1.7%)

Non-shared environment 0.37 (13.1%) 0.53 (23.1%) 0.40 (27.9%) 0.44 (0.02%) 0.30 (3.3%)
Simplex®

Genetic 0.22 0.24 (100%) 0.53 (100%) 0.51 (100%) 0.28 (100%)

Shared environment 0.37 0.21 (12.0%) 0.09 (5.2%) 0.17 (83.0%) 0.32 (46.2%)

Non-shared environment 0.40 0.50 (1.7%) 0.35 (6.2%) 0.49 (2.3%) 0.38 (2.1%)

aNumbers in parentheses indicate the proportion of each component common across ages for the independent pathways model.
bFor the simplex model numbers in parentheses indicate the proportion of each component contributed from the previous age.
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