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Study Objectives: To examine whether sleep duration modifies genetic and environmental influences on body mass index (BMI).

Design: Genotype-environment interaction twin study.

Setting: University of Washington Twin Registry.

Patients or Participants: A population-based sample of US twins (1,088 pairs, 604 monozygotic, 484 dizygotic; 66% female; mean age = 36.6 yr,
standard deviation (SD) = 15.9 yr).

Interventions: N/A.

Measurements and Results: Participants self-reported information on height, weight, and sleep. Mean BMI was calculated as 25.3 kg/m?
(SD = 5.4) and mean habitual sleep duration was 7.2 hr/night (SD = 1.2). Data were analyzed using biometric genetic interaction models. Overall
the heritability of sleep duration was 34%. Longer sleep duration was associated with decreased BMI (P < 0.05). The heritability of BMI when sleep
duration was < 7 hr (h? = 70%) was more than twice as large as the heritability of BMI when sleep duration was = 9 hr (h? = 32%); this interaction
was significant (P < 0.05).

Conclusions: Shorter sleep duration is associated with increased BMI and increased genetic influences on BMI, suggesting that shorter sleep
duration increases expression of genetic risks for high body weight. At the same time, longer sleep duration may suppress genetic influences on

body weight. Future research aiming to identify specific genotypes for BMI may benefit by considering the moderating role of sleep duration.
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INTRODUCTION

The optimal amount of sleep needed to maintain physiologic
homeostasis is individualized and influenced by both genetic
and environmental factors. The physiologically normal “sleep
fraction” in humans is between 29% and 33% of the sleep-wake
cycle, or 7 to 7.9 hr under conditions of environmental and tem-
poral isolation."* The heritability of sleep duration is between
31% and 55%, suggesting a substantial amount of sleep need
is genetically determined.*> However, modern society with its
ubiquitous technology often can cause misalignment between
sleep need and sleep actualization.® This frequently has adverse
consequences for cognitive function and metabolic, cardiovas-
cular, and immunologic health.”"* Indeed, over the past century
habitual sleep duration has dropped 1.5 hr per night and since
2001 the percentage of US adults getting at least 8 hr of sleep
per night on weeknights has fallen from 38% to 27%.'*"

As sleep duration has declined, obesity rates, defined as a
body mass index (BMI) > 30 kg/m?, have increased. In 2009,
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more than one-fourth of the US population was obese, and
every state had an obesity prevalence > 10%, compared with
just 8 states in 1985.'%!7 If current trends continue, more than
50% of adults in the United States will be considered clinically
obese by 2030.'® Evidence is mounting that chronically reduced
sleep times are associated with obesity."”** Experimental hu-
man studies show sleep curtailment influences the neuroendo-
crine control of appetite; population-based research shows a
U-shaped nonlinear relationship between nightly sleep duration
and BMI.?%?7 Compared with those sleeping 7 to 8 hr per night,
individuals sleeping < 6 hr are at greater risk of being obese.”’
Prospective family and cohort studies have found short sleep
duration is associated with the development of obesity.?*3
Twins, if reared together, are identical in age and typical-
ly well matched for shared family background and numerous
childhood and adolescent exposures. As such, twin compari-
sons can be used to control for third-variable confounders that
typically differ among unrelated individuals. Previous work
from our group in a subset of this twin sample has shown that
monozygotic (MZ) twin differences in habitual sleep duration
were associated with MZ-twin differences in BMI, an associa-
tion that controls for the potential confounding influence of fa-
milial factors such as genetics and shared environment (e.g.,
in utero exposures, early life diet, and living conditions).’ This
approach is particularly informative because many subjective
and objective aspects of sleep are genetically influenced, and
it was previously unknown whether associations between sleep
duration and BMI were due to common genetic vulnerabilities
influencing both phenotypes.**!*” Thus, our previous study es-
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Table 1—Sample characteristics
Twin pairs n (%)
MZ male-male 192 (18%)
MZ female-female 412 (38%)
DZ male-male 81 (7%)
DZ female-female 209 (19%)
DZ opposite-sex 194 (18%)
Total 1,088 pairs
Demographic characteristics n (%)
Caucasian 1,944 (89%)
No high school degree 48 (2%)
> College degree 895 (41%)
Study variables Mean (SD)
Age, years 36.6 (15.9)
Sleep duration, hours/night 72(1.2)
BMI, kg/m? 253 (5.4)
BMI, body mass index; DZ, dizygotic; MZ, monozygotic; SD, standard
deviation.

tablished an environmentally mediated main effect of sleep du-
ration on BMI. The current study extends this line of research
by testing whether sleep duration additionally interacts with
genetic influences on BMI; a gene x environment interaction
effect (GxE). Analytically, we used a biometrical genetic model
to assess this potential interaction effect. If sleep duration modi-
fies the heritability of BMI, this suggests that expression of ge-
netic risks for body weight is influenced by individually chosen
sleeping behavior.

METHODS

Participants

The University of Washington Twin Registry is a communi-
ty-based sample of twins constructed using data from the Wash-
ington State Department of Licensing. The minimum age for
participation is 18 yr. As of July 2011, the Registry consisted
of nearly 4,500 pairs. Zygosity is determined using previously
validated self-report methods that are correct at least 95% of
the time.’** Every twin enrolled in the Registry completes a
recruitment survey. Since 2008, this survey has included ques-
tions about sleep duration and body habitus. In 2006 and 2008,
a health survey was mailed to more than 4,000 enrolled twins
that included the same sleep duration and body habitus ques-
tions. The data collection procedures were approved by the
University of Washington Institutional Review Board and the
State of Washington Attorney General’s office. All twins were
raised together.

The study sample includes 2,176 individuals from 1,088
complete twin pairs (604 MZ, 484 dizygotic [DZ]), expanding
on the sample from our previous study.’ Sample characteris-
tics are summarized in Table 1. Overall, the sample was young
(mean 36.6 yr; standard deviation (SD) = 15.9), well educated
(41% with a college degree or higher), predominantly Cauca-
sian (89%), and female (66%). The most common twin rela-
tionship was female MZ pairs (38%). The sample mean sleep
duration was 7.2 hr (SD = 1.2).
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Measures and Covariates

Sleep Duration

Habitual sleep duration was obtained from responses to
the question, “On average, how long do you sleep per night?”
reported in hr and min. We categorized sleep duration into 3
groups. Normal sleep duration was considered 7-8.9 hr because
this range encompasses the physiologically normal sleep frac-
tion in humans'? and the sleep duration considered normal in
previous studies.?”44

Body mass index

Self-reported height and weight were obtained from the fol-
lowing questions: “How tall are you without your shoes,” and
“How much do you weigh without clothes or shoes?” With
these data we calculated BMI as kg/m?. BMI was treated as a
continuous variable for analytic purposes.®

Sociodemographics

Age, sex, and race were self-reported. Race was dichoto-
mized into white and nonwhite (American Indian, Alaska Na-
tive, Native Hawaiian, Pacific Islander, Asian, Black or African
American, or other) categories. Education was ascertained by
the question, “What is the highest level of school you have
completed?” A total of 7 responses were possible, ranging from
“eighth grade or less” to “graduate or professional degree.” The
midpoint was “some college, but no degree or certificate.”

Statistical Analyses

Initial analysis

We calculated the mean sleep duration in hr in each twin pair
and divided the sample into 3 sleep duration groups: (1) “Short
Sleep”, in which the mean sleep duration for the pair was
< 7.0 hr/night (n = 317 pairs; 70.0% female; mean sleep = 6.06
hr [SD = 0.62]; mean age = 39.1 yr [SD = 15.2]); (2) “Normal
Sleep”, in which the mean sleep duration for the pair was 7.0 to
8.9 hr/night (n = 724 pairs; 60.4% female; mean sleep = 7.53 hr
[SD = 0.49]; mean age = 35.7 yr [SD = 16.1]), and (3) “Long
Sleep”, in which the mean sleep duration for the pair was
> 9.0 hr/night (n = 47 pairs; 73.4% female; mean sleep = 9.31
hr [SD = 0.42]; mean age = 33.3 years [SD = 16.7]).

We then calculated the twin correlation for BMI, separately
by zygosity and sleep group. The twin correlations were used
to calculate 3 different quantities: (1) heritability (/4?), the pro-
portion of variance in the phenotype due to additive genes
[#? = 2*(ryy; — rpz)]; (2) shared environmentality (c?), the pro-
portion of variance in the phenotype due to environmental in-
fluences shared by twins raised in the same family, regardless
of zygosity [¢*> = 2¥(rp, — ryz)]; and (3) nonshared environ-
mental (e?), the proportion of variance in the phenotype due
to environmental influences that make twins different from
each other, plus measurement error [¢* = 1 — ry,]. Because
the sleep duration groups showed significant differences in
mean age (F'[2, 1085] =5.94, P=0.003, R*=0.01) and in sex
(¢* [4] = 9.75, P = 0.04), we also calculated the twin pair cor-
relations for BMI stratified by sex and by age group.

Importantly, the initial analysis was primarily descriptive in
nature. Our next, more rigorous analysis used individual sleep
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Figure 1—Structural equation model of sleep duration and BMI in adult twins. A, additive genetic variance; C, shared environmental variance; E, nonshared
environmental variance. A, C, and E components standardized (mean =0, standard deviation = 1). Correlation between Acomponents fixed at 1.0 in monozygotic
twins and 0.5 in dizygotic twins. Correlation between C components fixed to 1.0 in all twins. Correlation between E components fixed to 0 in all twins.
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duration as a continuous variable, thereby avoiding potential
bias introduced by categorizing sleep duration, and tested for
the possible confounding role of age and sex.

Structural equation model analysis

Next, we fit a more rigorous biometric genetic model for
gene-environment interactions,” using the software program
Mplus (Muthén & Muthén, Los Angeles, CA). This model is
shown in Figure 1. Total variance in each of the observed phe-
notypes (the boxes labeled “Sleep Duration” and “BMI”) is di-
vided into 3 latent (i.e., unobserved) variables: additive genetic
influences (the circle labeled A), shared environmental influ-
ences (i.e., environmental influences that make twins similar to
each other, represented by the circle labeled C), and nonshared
environmental influences (i.e., environmental influences that
make twins different from each other, plus measurement error,
represented by the circle labeled E). These latent variables are
standardized (mean = 0, SD = 1), and the paths from the latent
variables to the phenotypes are estimated (arrows labeled a, c,
and e). Because no residual variance in the observed variables
is estimated, the total amount of variation in each phenotype
can be calculated as the sum of the squares of the a, ¢, and e
paths. For sleep duration, the heritability (42, i.e., the proportion
of total variance due to genetic variation) of a given phenotype
can thus be calculated as:

a2

W= iare

For BMI, however, the paths from the 4, C, and E vari-
ables are allowed to vary as a function of sleep duration. That
is, rather than estimating a single value for the heritability of
BMI, this model allows the heritability of BMI to vary ac-
cording to the individual’s sleep duration. In this case, the
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heritability of BMI at any value for sleep duration (x) can be
calculated as:

2 — (a0+ax.x)2
(agta,xP+(cote, x)P+(e+e x)?

The key values of interest here are the interaction parameters
(a,, c,, and e,). Significant values for the interaction parameters
indicate that the magnitude of genetic and environmental influ-
ences on BMI differ with sleep duration, with positive values
indicating greater influence with greater sleep duration and neg-
ative values indicating less influence with greater sleep duration.
All variables were standardized prior to the analysis; therefore,
the values of «,, ¢, and ¢, represent the influence of genetic,
shared environmental, and nonshared environmental influences,
respectively, when sleep duration equals the sample mean.

The main effect of sleep duration on BMI was also estimated
(the arrow labeled Bs in Figure 1). The main effect of age was
estimated by the arrows labeled 3, and B, and sex by the arrows
labeled B, and pB,, respectively, for both twin 1 and twin 2 in
Figure 1. In a series of simulation analyses, Purcell* demon-
strated that including the main effect of the moderator variable
(in this case, sleep duration) on the outcome prevents estimates
of gene-environment interaction from being biased by gene-
environment correlation. In addition, the model controlled for
participant age and sex.

RESULTS

Initial Analysis

The twin correlations for BMI in MZ and dizygotic (DZ) twins
across twin pair average sleep duration is shown in the bottom
section of Table 2. For twin pairs averaging < 7 hr of sleep per
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average sleep duration

Twin pair correlations for BMI

Table 2—Twin pair correlations and calculated biometric components by sex, age group, and twin pair

Biometric components of BMI

main effects of age, sex, and sleep
duration on BMI. Males and older
adults reported significantly short-
er sleep duration, and older adults

2, heritability; MZ, monozygotic.

Sex Mz Dz h?
Male 0.74 0.50 48%
Female 0.76 0.49 54%
Opposite sex - 0.45 -

Age group Mz Dz h?
Younger adults (< 30 yr) 0.80 0.50 60%
Older adults (> 30 yr) 0.71 0.41 60%

Average sleep duration Mz Dz h?
Low sleep (< 7 hours) 0.74 0.39 70%
Average sleep (7-9 hr) 0.77 0.47 60%
High sleep (= 9 hr) 0.83 0.67 32%

BMI, body mass index; c? shared environmentality DZ, dizygotic; €? nonshared environmentality;

¢ e had significantly greater BMI.
26% 26% Also, as reported in our previous
22% 24%

study using a subpopulation of this
dataset,’ there was a modest but
e & significant main effect of sleep du-
20% 20% ration on BMI, such that individu-
1% 29% als who slept for longer periods had
slightly lower BMIs.

2

Z"/ 2220/ The middle segment of Table
170/2 23% 3 shows the estimates for the ge-
519% 17% netic and environmental influences

on sleep duration. The percentage
of variation in sleep duration (con-
trolling for age and sex) that can be
accounted for by additive genetic,

shared environmental, and non-

relationship between BMI and sleep duration

Parameter
Sex — sleep duration (B)
Age — sleep duration (B,)
Sex — BMI (B,)
Age — BMI (B,)
Sleep duration — BMI (B)

Main effects

Genetic and environmental
influences on sleep duration

Genetic main effect (a)
Shared environment main effect (c)
Nonshared environment main effect (e)

Genetic and environmental
influences on BMI

Genetic main effect (a,)

Genetic interaction effect (a,)
Shared environment main effect (c,)
Shared environment interaction effect (c,)
Nonshared environment main effect (e)

*Parameter significant at P < 0.05.

Table 3—Standardized parameter estimates for biometrical genetic interaction model examining the

Nonshared environment interaction effect (e,)

shared environmental influences
can be calculated by squaring the a,
¢, and e parameters, respectively. Of

Estimate 95% CI the total variance in sleep duration,
0127 -0.21,-0.02 34% was due to additive genetic in-
009" -0.13,-0.05 fluences and the remaining 66% to
0.09 -0.01,0.13 nonshared environmental influenc-
0.24* 0.20,0.29 es; shared environmental influences
-0.04*  -0.08,-0.003 . .

on sleep duration were negligible.

0.58* 0.52,0.58 Finally, the bottom segment of
000  -0.42,042 Table 3 shows the estimates for
0.81* 0.77,0.85 the genetic and environmental in-
0.78* 0.70, 0.86 fluences on BMI, including the
0.13*  -0.19,-0.06 interaction effects that are the key
0.28* 0.09, 0.47 parameters of interest in this study.
0.18*  0.10,0.26 We observed significant genetic
0.46* 043,049 (a, = 0.78), shared environmental
-0.02 -0.04,0.01

(¢, = 0.28), and nonshared envi-
ronmental (e, = 0.46) influences on
BMI (all P < 0.05) after controlling

night, additive genetic influences accounted for 70% of the vari-
ance in BMI, whereas shared environmental factors accounted
for just 4%. In contrast, for twin pairs averaging > 9 hr of sleep
per night, additive genetic factors accounted for just 32% and
shared environmental influences accounted for 51%. This pattern
of results constitutes preliminary support for our hypothesis that
genetic influences on BMI are moderated by habitual sleep dura-
tion. In contrast, the twin pair correlations and resulting heritabil-
ity coefficients were generally consistent for both sexes (shown
in the top portion of Table 2) and across age groups (shown in
the middle portion of Table 2). This suggests that the differences
in heritability evident across sleep groups are not an artifact of
gene-by-age or gene-by-sex interaction effects.

Structural Equation Model
Table 3 shows the standardized parameter estimates from
the biometric model. The top segment of the table shows the
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for the main effects of sleep dura-
tion, age, and sex. As described
previously, the study variables were standardized prior to struc-
tural equation modeling; thus these values represent the relative
influence of genetic and shared environmental influence when
sleep duration equals the sample mean (7.2 hr). In addition, a
significant negative interaction (a, = -0.13; P < 0.05) between
genes and sleep duration was noted, indicating that genetic
influences on BMI decrease with increasing sleep duration.
At the same time, there was a significant positive interaction
(¢, = 0.18; P < 0.05) between shared environmental influences
and sleep duration, indicating that shared environmental influ-
ences on BMI increase with increasing sleep duration. Finally,
the interaction between sleep duration and the nonshared envi-
ronment was not significantly different than zero (e, = -0.02).
These interaction results are illustrated in Figure 2, which
shows how the predicted proportions of variance in BMI due
to additive genetic, shared environmental, and nonshared en-
vironmental influences change as a function of sleep duration.
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The range of the x-axis represents 2 SD below and above the
sample mean for sleep duration. Consistent with the initial
analysis, at short sleep duration, genetic influences on BMI
were predominant, whereas at long sleep duration, shared en-
vironmental influences were predominant and genetic influ-
ences were suppressed.

DISCUSSION

We found a complex relationship whereby the genetic in-
fluences on BMI are moderated by habitual sleep duration. As
sleep duration increased, genetic influences on BMI dissipated
whereas shared environmental influences predominated and
nonshared environmental contributions remained mostly static.
This likely represents progressive phenotypic disparity in BMI
among DZ twins compared with MZ twins as sleep duration
decreased. Taken together, these findings show a robust gene-
environment interaction between sleep duration and BMI.

Shared environment represents all environmental exposures
that are not unique to an individual twin. Common examples
include in utero exposures, birth history, diet, and childhood
living conditions and location. We hypothesize that as sleep
duration increases, the permissive environment for obesity-re-
lated gene expression is decreased, allowing behaviors learned
earlier in life (such as meal timing and composition, lifestyle,
and physical activity levels) to surface and drive body weight.
Weight loss intervention studies corroborate this finding. In
1 study, sleep duration predicted success in a standardized
weight loss program, with participants sleeping < 6 or > 8 hr
in a 24-hr period less likely to lose weight than those sleep-
ing > 6 to < 8 hr.* Similarly, investigators controlled sleep
duration and caloric intake over 2 separate 14-day periods and
found a 55% reduction in the proportion of weight loss as fat in
the sleep-deprived condition (5.5 hr/night) compared with the
sleep satiated condition (8.5 hr/night).* Although additional
studies are needed to confirm these findings, preliminary re-
sults indicate that behavioral weight loss measures are most
effective when genetic drivers of body weight are mitigated
through sleep extension.

Contextually, this work builds on previous research by our
group showing a direct environmental effect of sleep duration
on BMI.’ This association was present after careful adjustment
for familial factors (e.g., genetics and shared environment) and
exhibited within twin pairs, even when restricting to MZ twins,
suggesting the effect was solely due to nonshared environment.
The gene-environment interaction in the current study expands
this understanding by showing that sleep duration alters genetic
contributions to BMI. This finding suggests causality, but this
conclusion awaits carefully controlled experimental studies
showing alterations in gene expression, epigenetic factors, and
BMI phenotypic characteristics after careful tracking or manip-
ulation of sleep duration over time.

BMI is highly heritable,* runs in families,*” and epidemio-
logic studies indicate that sleep curtailment is a risk factor
for obesity.**?%?® Alterations in hormonal factors,* glucose
metabolism,*® and inflammation'® are implicated in this asso-
ciation, but the molecular pathways have not been elucidated.
Beyond monogenic and syndromic forms of obesity, candi-
date gene association studies have identified more than 20
genes associated with obesity, including LEPR and PPARG,
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Figure 2—Sleep duration modifies the proportion of variance in body
mass index (BMI) due to genetic, shared environmental, and nonshared
environmental influences. Predicted from parameter estimates in Table 3.
Sleep duration in hr, BMI in kg/m?.

which are involved with satiety, fatty acid storage, energy
use, and glucose metabolism.**3° Genome-wide association
studies have revealed 20 obesity-related single nucleotide
polymorphisms either in or near 16 different genes such as
FTO and MAF, which regulate energy intake and insulin gene
transcription.® These are but a few of the obesity- related
genes and pathways potentially activated by sleep curtail-
ment. Our work suggests latent genetic variability in suscep-
tibility to obesity requires activation by sleep curtailment.
Deducing exactly which pathways are involved will require
epigenetic and transcriptomic assessments and use of a sys-
tems biology analytic approach.

Although the most parsimonious interpretation of our data
is that sleep curtailment activates obesity-related genes, it may
be that sleep extension is protective by suppressing expression
of obesity genes. Contrary to this notion, published reports
show that long sleep duration is associated with cardiovascular
disease,'>*! insulin resistance,’'*> and mortality> and may be a
surrogate measure for poor health. We did not observe this in
our sample, but our sample is much younger than those used
in studies that established these adverse associations. Popula-
tion-based studies demonstrate a significant U-shaped nonlin-
ear relationship between nightly sleep duration and BMI, with
higher body weights observed at both extremes of sleep dura-
tion.>??” All told, an individual likely benefits from sleep ex-
tension until sleep need and sleep actualization are balanced,
after which confounding factors related to chronic disease and
sleep prolongation likely characterize the association. Assess-
ment of obesity-related gene expression patterns over a range
of sleep durations in the same individual over time, or between
MZ twins, would help to confirm these notions. Previous twin
studies by our group ruled out genetic pleiotropy as a contribut-
ing factor to the relationship between sleep duration and BMI,
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with bivariate analysis showing no shared genetics between
these phenotypes.’

The use of twins to study BMI and sleep duration was ad-
vantageous for several reasons. Sleep duration is a heritable
trait*>-! and sleep duration studies in unrelated individuals are
confounded by the population-based variability in sleep need.
Some individuals are more resistant to the effects of sleep de-
privation than others. MZ twins theoretically have the same
genetic sleep need, and thus the differential effect of sleep cur-
tailment should be observed within twin pairs even if both twins
are relatively sleep deprived or sleep satiated from a population
standpoint.

Several issues about our study warrant discussion. Our twins
were predominantly younger adult Caucasian women, and
therefore our results should be applied to the general popula-
tion with caution. However, our sample was derived from the
community and not from a clinical population seeking health-
care. Self-reported sleep duration and BMI are commonly used
in observational studies but can be problematic.?*?"?* Self-re-
ported sleep duration approximates objective measures of sleep
length,> although recent studies suggest it may be biased by
overestimation.’® BMI based on self-reported height and weight
may be inaccurate, although validation studies indicate errors
are unlikely to affect conclusions about associations between
BMI and health variables.’” Future studies assessing gene-en-
vironment interactions between sleep duration and BMI should
include objective measures of both.

In conclusion, we have shown, through sleep duration-strat-
ified heritabilities and structural equation models, a negative
association between sleep duration and genetic effects on obe-
sity, with shorter sleep associated with greater genetic contribu-
tion to the proportion of variance in BMI. This work suggests
that sleep curtailment provides a permissive environment for
the expression of genes that promote obesity. The mechanism
underlying this phenomenon is unknown but is likely to involve
factors that influence gene expression, such as DNA and his-
tone methylation, DNA and RNA transcription, and posttransla-
tional protein modification. Future studies assessing long-term
habitual sleep duration, as opposed to short-term, controlled,
sleep deprivation paradigms will help illuminate the basis of
the short sleep and obesity association while factoring in the
potential influence of habituation to chronic sleep curtailment.
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