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Study Objectives: We used quantitative genetic models to assess whether area-level deprivation as indicated by the Singh Index predicts shorter sleep 
duration and modifies its underlying genetic and environmental contributions.
Methods: Participants were 4,218 adult twin pairs (2,377 monozygotic and 1,841 dizygotic) from the University of Washington Twin Registry. Participants self-
reported habitual sleep duration. The Singh Index was determined by linking geocoding addresses to 17 indicators at the census-tract level using data from 
Census of Washington State and Census Tract Cartographic Boundary Files from 2000 and 2010. Data were analyzed using univariate and bivariate genetic 
decomposition and quantitative genetic interaction models that assessed A (additive genetics), C (common environment), and E (unique environment) main 
effects of the Singh Index on sleep duration and allowed the magnitude of residual ACE variance components in sleep duration to vary with the Index.
Results: The sample had a mean age of 38.2 y (standard deviation [SD] = 18), and was predominantly female (62%) and Caucasian (91%). Mean sleep 
duration was 7.38 h (SD = 1.20) and the mean Singh Index score was 0.00 (SD = 0.89). The heritability of sleep duration was 39% and the Singh Index was 
12%. The uncontrolled phenotypic regression of sleep duration on the Singh Index showed a significant negative relationship between area-level deprivation 
and sleep length (b = −0.080, P < 0.001). Every 1 SD in Singh Index was associated with a ~4.5 min change in sleep duration. For the quasi-causal bivariate 
model, there was a significant main effect of E (b0E = −0.063; standard error [SE] = 0.30; P < 0.05). Residual variance components unique to sleep duration 
were significant for both A (b0Au = 0.734; SE = 0.020; P < 0.001) and E (b0Eu = 0.934; SE = 0.013; P < 0.001).
Conclusions: Area-level deprivation has a quasi-causal association with sleep duration, with greater deprivation being related to shorter sleep. As area-level 
deprivation increases, unique genetic and nonshared environmental residual variance in sleep duration increases.
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INTRODUCTION
Sleep has been found in nearly every animal in which it has 
been sought,1 is necessary for life,2 and plays a crucial role in 
memory consolidation,3 hormonal regulation,4 and clearance 
of byproducts of neurotransmission from the brain.5 Adequate, 
regular sleep is critical for optimal functioning of human me-
tabolism,6–12 immunity,13–15 cardiovascular systems,16–21 cogni-
tion,22,23 psychology,24 and functional ability.25–29 Short sleep is 
associated with increased mortality risk.30 Despite its clear im-
portance, substantial intraindividual and interindividual varia-
tion exists in nightly sleep duration.

Nearly a third of individual differences in sleep duration are 
associated with genetic variations,6 but during an adult’s work 
and caregiving years environmental factors play an ever in-
creasing role in determining sleep length.31 The environmental 
effect on sleep duration is a complex construct influenced by 
numerous individual, social, and societal level decisions and 
policies. On a daily basis people decide bed and wake times 
and nap schedules that influence sleep duration and timing. 
Consumption of sleep affecting substances such as caffeine, 
alcohol, prescription or nonprescription medications, and il-
legal drugs also plays a role. The use of disrupting technology 
(e.g., televisions, tablet computers, smart phones) in bedrooms 
is yet another individual choice with sleep implications. Social 
factors include economic status, employment situation, neigh-
borhood location, and family size, including an individual’s 
roles and responsibilities. Societal factors include shift work 
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Significance
More deprived areas were associated with reduced sleep duration, even after accounting for genetic and shared environmental confounding. This 
suggests that area-level deprivation may decrease habitual sleep duration. Future studies are needed to define the specific elements endemic to poor 
living environments that contribute most to sleep curtailment.

regulations, timing of television programming, shopping mall 
and grocery store hours, public and private transportation 
schedules, and access to sleep affecting substances. All three 
environmental determinants of sleep length—individual, so-
cial, and societal—reflect and influence the cultural perception 
of the importance of sleep in our society.

Recent research suggests social factors strongly influence 
sleep. Socioeconomic disadvantage and related infrastructure 
dilapidation, crime, pollution, and noise all have negative ef-
fects on physical health.32–34 Living in these areas triggers re-
lease of stress hormones such as cortisol and epinephrine that 
promote mental and physiological arousal to the detriment of 
sleep. In the United States, one in five individuals adjust their 
sleeping habits to avoid environmental noise, which can result 
in psychosocial distress.35 Fear of neighborhood crime is as-
sociated with difficulty falling and staying asleep.36 Disadvan-
taged neighborhoods are associated with low sleep quality and 
increase the odds of inadequate sleep duration (defined as ≤ 6 
h per night) by 43% in their residents.32,37 Beyond these direct 
relationships, sleep quality has been shown to partially me-
diate the relationship between disadvantaged neighborhoods 
and subjective physical health suggesting that poor sleep may 
be a pathway to poor health in troubled neighborhoods.38

We sought to further examine social level determinants of 
sleep duration by focusing on an objective measure of area-
level deprivation (Singh Index) using a genetically informed 
twin design. Twins are identical in age, and if reared together 
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are naturally well matched for shared family background and 
numerous childhood and adolescent exposures. As such, twin 
comparisons can be used to account for uncontrolled third-
variable confounders that typically differ among unrelated 
individuals. This approach is particularly helpful when inves-
tigating the relationship between area-level deprivation and 
sleep duration because many aspects of these phenotypes are 
genetically influenced, and random assignment to area-level 
conditions is obviously not possible.

Using twin research methods, we wished to learn if the 
unique environmental influences of area-level deprivation 
predict sleep duration after accounting for familial factors 
(e.g., genetics and shared environment)—a “quasi-causal” as-
sociation.39 We also sought to examine area-level deprivation 
as an environmental moderator of the heritability of sleep 
duration—a gene × environment interaction effect. Therefore, 
the goals of this study were to: (1) determine the magnitude of 
genetic and environmental influences on area-level deprivation 
and sleep duration; (2) determine if a quasi-causal relationship 
exists between area-level deprivation and sleep duration; and 
(3) determine if area-level deprivation moderates genetic influ-
ences on sleep duration.

METHODS

Participants
The University of Washington Twin Registry is a community-
based sample of adult twins reared together; construction 
methods are described in detail elsewhere.40,41 On enrollment, 
all twins completed a survey with items on sociodemographics, 
general physical and mental health, and lifestyle behaviors. 
Standard questions about childhood similarity that determine 
zygosity with greater than 90% accuracy when compared with 
DNA-based methods were used to classify twins as identical 
(monozygotic; MZ) or fraternal (dizygotic; DZ).42–44 We used 
data from surveys completed from 2008–2013; residential 
street addresses (used to obtain census tract data) were not 
available prior to 2008. Sleep duration and residence data were 
collected concurrently, and questionnaires were completed by 

twins independently. Written informed consent was provided 
as approved by the university’s institutional review board. The 
final sample included 2,377 MZ and 1,841 DZ pairs.

Measures

Singh Index
Socioeconomic status (SES) was measured using a census-
based area-level deprivation index. The Singh Index45 is a 
composite measure of SES based on 17 different area-level in-
dicators at the census tract level drawn from the 2000 Census: 
(1) percentage of population aged ≥ 25 y with < 9 y of edu-
cation; (2) percentage of population aged ≥ 25 y with at least 
a high school diploma; (3) percentage of employed persons 
aged ≥ 16 y in white-collar occupations; (4) median family 
income; (5) income disparity (the Log of 100 times the ratio 
of number of households with < $10,000 income to number 
of households with ≥ $50,000 income); (6) median home 
value; (7) median gross rent; (8) median monthly mortgage; 
(9) percentage of owner-occupied housing units (home owner-
ship rate); (10) percentage of civilian labor force population 
aged > 16 y unemployed (unemployment rate); (11) percentage 
of families below poverty level; (12) percentage of popula-
tion below 150% of the poverty threshold; (13) percentage of 
single-parent households with children aged < 18 y; (14) per-
centage of households without a motor vehicle; (15) percentage 
of households without a telephone; (16) percentage of occupied 
housing units without complete plumbing; and (17) percentage 
of households with more than one person per room (crowding). 
The Index is a normally distributed latent variable derived 
through factor analysis and is interpreted as an overall index 
of area-level deprivation, with higher scores indicating greater 
deprivation (i.e., lower SES). It is important to note that the 
Singh Index is based on census tracts, which are much larger 
administrative units than neighborhoods. Therefore, we use 
the terms “area-level” and “area” rather than “neighborhood” 
throughout this manuscript to reference circumscribed geo-
graphical regions. The Singh Index at the census tract level 
was calculated by standardizing the aforementioned 17 indi-
cators by their corresponding means and standard deviations 
for Washington State, and then multiplying these standardized 
values by the 17 coefficients. Thus, the Singh Index values for 
our twin sample shown in Table 1 are standardized to facilitate 
comparison between different areas within Washington State. 
Table 2 presents descriptive statistics on the 17 census tract 
variables that comprise the Singh Index; again, these values 
have been standardized to facilitate comparison between dif-
ferent areas within Washington State. Rates of change per one 
unit change of the Singh Index are based on these Washington 
State standardized values.

To apply the Index to the University of Washington Twin 
Registry, the participants’ home addresses were geocoded with 
a minimum match score of 100%. Addresses that failed the au-
tomatic geocoding process were matched manually by individ-
ually reviewing each address and correcting data entry errors. 
The Singh Index was replicated with the Census of Washington 
State and the Census Tract Cartographic Boundary Files from 
2000 and 2010 by using ArcGIS 9.3.1, MS Access, and R 

Table 1—Descriptive statistics, twin correlations, and standardized 
ACE components for sleep duration and area-level-level 
socioeconomic deprivation.

Sleep Duration (h) Singh Index
Descriptive statistics

Mean (SD) 7.38 (1.20) 0.00 (0.89) 
Twin correlations

MZ 0.40 (0.02) 0.53 (0.01)
DZ 0.15 (0.02) 0.22 (0.05)

ACE variance estimates
h2 0.39 (0.02) 0.12 (0.04)
c2 0.00 (0.00) 0.41 (0.04)
e2 0.61 (0.02) 0.47 (0.01)

SD, standard deviation; MZ, monozygotic; DZ, dizygotic; h2, heritability; 
c2, common environment; e2, unique environment.
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software. Because the values shown in Table 1 are state based, 
in order to facilitate interpretation of the results to a broader 
representation of census tracts across the United States, our 
twin data were restandardized based on Singh’s original pub-
lication45 for comparison to the US population, as shown in 
Table 3.46 Note that the values in Table 3 are shown merely 
to facilitate comparison of area-level deprivation of our twin 
sample to the broader US, whereas interpretation of associa-
tions between our sleep outcomes and area-level deprivation 
are based solely on the values specifically standardized for 
Washington State (i.e., the distribution shown in Table 1).

Sleep Duration
Twins were asked, “On average, how long do you sleep per 
night?” Participants entered values for hours and minutes, and 
a total sleep duration variable was created, with hours being 
the unit of measure (Table 1).

Statistical Analyses
All analyses were conducted using latent variable path analysis 
using the computer program Mplus (Muthén and Muthén 2012 
v. 7.0, Los Angeles, CA) and maximum likelihood estimation. 

Analyses controlled for linear effects of age, sex, ethnicity, 
household income, and educational attainment. We used likeli-
hood ratio tests to compare nested models.

Univariate Biometric Decomposition
Although it was not the primary goal of our analysis, we began 
by using the classic twin model to decompose the variance of 
sleep duration and the Singh Index into three components: ad-
ditive genetic (A) variance, shared environmental (C) variance, 
and nonshared environmental (E) variance. The classic twin 
model is illustrated in Figure 1. The (A) variance components, 
which represent the additive effect of an individual’s genes, 
correlate r = 1.0 between MZ twins (who share 100% of their 
genetic sequence) and r = 0.5 between DZ twins (who share 
on average 50% of their segregating genes). The (C) variance 
components correlate at 1.0 regardless of degree of genetic 
relatedness, because it represents environmental experiences 
that make members of the same family more alike. The (E) 
variance components, which represent environmental experi-
ences unique to the individual, do not correlate between twins. 
It should be noted that (E) variance is confounded with mea-
surement error in the absence of a measurement model.

Table 2—Distribution of the 17 census tract variables comprising the Singh Index.

Variable Median Range 1st Quartile 3rd Quartile
Less than 9th grade education 1.89% 0.00% to 51.07% 0.74% 4.03%
At least 12th grade education 91.78% 34.95% to 100.00% 87.78% 94.64%
White collar employment 47.63% 10.77% to 100.00% 40.85% 54.96%
Median family income $75,912 $9,688 to $250,000 $58,846 $94,842
Income disparity 0.83 −0.63 to 2.95 0.48 1.14
Median home value $295,500 $0 to $1,000,000 $225,900 $393,100
Median gross rent $981 $0 to $2,000 $821 $1,223
Median mortgage $1,858 $0 to $4,000 $1,533 $2,247
Home ownership 71.80% 0.00% to 100.00% 54.95% 83.91%
Unemployment rate 7.30% 0.00% to 28.71% 5.12% 10.06%
Poverty rate 5.39% 0.00% to 73.74% 2.66% 10.27%
Below 150% of poverty threshold 15.17% 0.00% to 90.60% 9.72% 24.57%
Single-parent households 10.89% 0.00% to 43.44% 7.94% 15.44%
Households without motor vehicle 3.54% 0.00% to 73.49% 1.68% 7.92%
Households without phone 1.67% 0.00% to 27.70% 0.71% 3.11%
Households without complete plumbing 0.00% 0.00% to 10.97% 0.00% 0.54%
Overcrowding (> 1 person per room) 0.64% 0.00% to 56.49% 0.54% 0.74%

Table 3—Comparison of twin sample area deprivation scores with nationally representative data.

1st Quintile
(least deprived) 2nd Quintile 3rd Quintile 4th Quintile 5th Quintile

(most deprived)
National data

Mean area deprivation index score 83.96 93.95 99.99 105.29 116.71
Area deprivation index score range 70.22–89.41 89.41–96.98 96.98–102.52 102.52–108.02 108.02–160.32

Sample data
Mean area deprivation index score 57.67 83.81 92.58 99.49 108.87
Area deprivation index score range −52.83–77.30 77.31–88.74 88.75–95.95 95.96–103.17 103.18–128.84

From Singh GK. Area deprivation and widening inequalities in US mortality, 1969–1998. Am J Public Health 2003;93:1137–43.
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Causal Pathways Versus Gene-Environment Correlation
Examination of the association between the Singh Index and 
sleep duration within pairs of MZ and DZ twins raised in 
the same family provides the closest approximation of the 
causal effect of area-level deprivation on sleep duration 
short of random area assignment. Assessing this relation-
ship within twin pairs allows us to control for the effects 
of many measured and unmeasured confounds that vary be-
tween families, such as underlying genetic or environmental 
backgrounds that area-level deprivation and sleep duration 
may share.

The bivariate twin model is essentially a regression model 
in which the outcome (sleep duration) is regressed on the (A), 
(C), and (E) terms of the predictor (Figure 2). The outcome also 
comprises residual variation not explained by the predictor that 
can also be partitioned into (A), (C), and (E) components. The 
logic of this design is as follows: if area-level deprivation has 
a causal relationship with sleep duration, then the association 
should be observable both between twin pairs (pairs who live 
in deprived areas on average sleep less) and within pairs (the 
member of a pair in the more deprived area should sleep less 
than their co-twin in the less deprived area). The within-pair 

Figure 1—Path diagram of the classical twin model. The phenotype is influenced by additive genetic (A), shared environmental (C), and nonshared 
environmental (E) factors. Genetic variance components correlate at r = 1.0 for monozygotic twins and r = 0.5 for dizygotic twins. Shared environmental 
variance components correlate at r = 1.0 regardless of pair type.

Figure 2—Path diagram of a bivariate twin model (only one twin shown for clarity). The main effect of the Singh Index on sleep duration is divided into a 
genetic regression (bA), a shared environmental regression (bC), and a nonshared environmental regression (bE). The regression of sleep duration on the 
(A) and (C) components of the Singh Index represents the between-twin pair or population-level effect; the nonshared environmental regression represents 
the within-twin pair or causal effect of Singh Index on sleep duration.
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association, which is the most valid measure of the causal 
effect, is represented by the bE path in Figure 2.39

If, however, we observe that sleep duration varies as a func-
tion of the Singh Index between twins pairs but not within twin 
pairs, we can conclude that the observed effect of area-level de-
privation is induced by noncausal processes involving shared 
genetic background (bA path in Figure 2) for area-level stress 
and sleep (referred to as gene-environment correlation [rGE]).
Shared environmental factors (e.g., area-level deprivation 
during childhood) may also be inducing this correlation. We 
chose to use rGE in our example, however, because sleep dura-
tion shows little to no influence from the shared environment. 

The twin design, of course, cannot control for all possible 
confounds of a causal relationship, but only for those which 
are shared by pairs of MZ twins who were raised together. The 
DZ twins allow us to infer whether any confounds that do exist 
are attributable to genetic or family environmental variance. 
The twin design therefore allows us to establish a quasi-causal 
effect of area-level deprivation on sleep duration.39

Gene × Environment Interaction
The twin model also allows us to test for moderation of the vari-
ance components of sleep duration by area-level deprivation, a 
form of gene × environment interaction. The aforementioned 
bivariate model can be extended to allow moderation of the 
ACE components.47 The three regression parameters relating 
the Singh Index to sleep duration (bA, bC, and bE) and the three 
residual variances of sleep duration all can be modified by the 
Singh Index, as illustrated in Figure 3. For each of the modified 
paths, the Singh Index is the moderating variable; the b0 terms 
are the values of the ACE variances where the Singh Index = 0; 
and the b1 terms represent the rate of increase or decrease in 
a given variance component as a function of the Singh Index.

For moderating variables such as the Singh Index that 
can differ between twins from the same family, rGE that is 

nonstatic with respect to the moderator must be accounted for 
when testing for gene × environment effects to reduce the in-
flated false-positive rate that results from failure to do so.48 To 
account for rGE that depends on the level of the moderator, the 
regression of sleep duration on the ACE components of the 
Singh Index are also allowed to vary as a function of the Singh 
Index (i.e., the effect that the Singh Index has on sleep dura-
tion can depend on level of the Singh Index). We present a path 
diagram of the fully saturated model fit to the data in Figure 3.

RESULTS

Descriptive Statistics and Univariate Biometric Analyses
The study sample included 4,218 twin pairs (2,377 MZ and 
1,841 DZ) who provided complete data on both outcomes and 
exposures. The sample was predominantly female (62%), and 
Caucasian (91%), with a mean age of 38.2 y (standard devia-
tion [SD] = 18). In general, the twins were well educated and 
economically secure, with 34% having a bachelor’s degree 
or higher and 35% having an annual income in excess of 
$80,000/y. The mean sleep duration was 7.38 h (SD = 1.20) per 
night and the Singh Index mean was 0.00 (SD = 0.89).

We computed descriptive statistics for sleep duration and the 
Singh Index and conducted univariate biometric analyses of 
their variation (Table 1). Sleep duration was moderately heri-
table (39%), showed no evidence of shared environmental vari-
ance, and had large nonshared environmental variance (61%). 
The Singh Index showed modest variance attributable to ad-
ditive genetic factors (12%), moderate shared environmental 
variance (41%), and moderate nonshared environmental vari-
ability (47%), indicating nearly half of all variance in Singh 
Index is not shared between twins. Men and women differed 
slightly but significantly in the Singh Index, with men living 
in less deprived area levels on average (Cohen d = −0.09, 95% 
confidence interval [CI] = −0.13 to −0.05). Sex also influenced 

Figure 3—Path diagram of the fully saturated model fit to the data (Model 3; only one twin shown for clarity). Successive models were fit by fixing 
parameters to zero and conducting likelihood ratio tests whether adding parameters resulted in a significant improvement in model fit. The (A), (C), and 
(E) latent variables (represented with circles) are the additive genetic, shared environmental, and non-shared environmental variance components of the 
Singh Index. The Au and Eu latent variables represent residual additive genetic and nonshared environmental variance in sleep duration. In this model, the 
main effect of the Singh Index on sleep duration (captured in the dotted single-headed paths from the [A] and [E] components of the Singh Index to sleep 
duration) is permitted to vary with level of the Singh Index. Similarly, the variance in sleep duration that remains after controlling for the main effect of the 
Singh Index (double-headed paths from Au, Cu, and Eu to sleep duration) also varies as a function of Singh Index.
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sleep duration, with women getting slightly less sleep on av-
erage than men (Cohen d = −0.05, 95% CI = −0.09 to −0.01). 
DZ twins lived in slightly more deprived areas on average 
(Cohen d = −0.06, 95% CI = −0.11 to −0.02). It should be noted 
that d = 0.20 is a widely accepted threshold for a “small” effect 
size; the Cohen d effect sizes we report are considered negli-
gible and represent > 96% overlap between distributions.

Causal Pathways Versus rGE
The uncontrolled, unstandardized phenotypic (observed) re-
gression of sleep duration on the Singh Index showed a signifi-
cant negative relationship between area-level deprivation and 
sleep length (b = −0.080, P < 0.001), meaning that, on average, 
each unit increase in the Singh Index is associated with a 5-min 
decrease in total daily sleep duration. Alternatively, because 
the standard deviation of the Singh Index is 0.89, the amount 
of change in sleep duration associated with a 1 SD change in 
the Singh Index is 89% of 5 min, or ~4.5 min. The correlation 
between the Singh Index and sleep duration is strongest for 
shorter sleep durations with r = −0.11 (95% CI: −0.14 to −0.07) 
for < 7 h sleep versus r = −0.05 (95% CI: −0.07 to −0.03) for 
the whole group. Thus we are likely presenting a conservative 
estimate of this relationship.

Distribution of the 17 census tract variables comprising the 
Singh Index is presented in Table 2. Variability in range and 
difference between the first and third quartiles was observed 
for all variables with the exception of plumbing and over-
crowding where differences in range exceeded interquartile 
differences. For the Singh Index as a whole, the range is −2.34 

to 4.91 and the first to third interquartile range is −0.58 to 0.49. 
Table 3 presents Singh Index scores for our twin sample in com-
parison to standardized, nationally representative Singh Index 
scores.45 Our twin sample was less deprived overall, but had a 
wide range of scores up to and including households in the most 
deprived fifth quintile. Indeed, mean values in the fourth and 
fifth quintile were similar between our twin sample (99.49 and 
108.87, respectively) and the national sample (105.29 and 116.71, 
respectively). Our twin sample showed a greater overall range 
than the nationally representative Singh Index scores.

As noted previously, both sleep duration and Singh Index 
showed influences from genetic factors (39% and 12%, re-
spectively), leaving open the possibility that the phenotypic 
association between area-level socioeconomic deprivation 
and sleep duration is present because of a genetically induced 
correlation between the two phenotypes (rGE), rather than to 
differential exposure to area-level socioeconomic factors. To 
test whether this result was consistent with a causal hypoth-
esis as opposed to rGE, we fit the bivariate quasi-causal model 
in Figure 2, which yields an estimate of the phenotypic effect 
that is unbiased by possible genetically induced correlation 
existing between the Singh Index and sleep duration. The re-
sults are given in the first column of Table 4, labeled Model 1: 
Quasi-causal. The quasi-causal pathway was smaller than it 
was in the uncontrolled model, but remained statistically sig-
nificant (b0E = −0.063, P < 0.05). The estimate of the common 
genetic background to area-level deprivation and sleep dura-
tion was not statistically significant (b0A = −0.247, P > 0.05). 
These results suggest that the relation between the Singh Index 
and sleep duration cannot be attributable to underlying genetic 
factors common to both phenotypes, and is instead a result of 
differential exposure to area-level socioeconomic factors. The 
residual variance in sleep duration was a combination of ge-
netic (b0Au = 0.738, P < 0.001; equivalent to 44% of the total 
variance) and nonshared environmental (b0Eu = 0.934, P < 0.001; 
equivalent to 56% of the total variance) variance.

This main effect is illustrated in the bar plots in Figure 4. 
The outermost bars represent the mean sleep duration for MZ 
twins concordant for lower area-level SES (lower 50%; far left 
bar) and higher area-level SES (upper 50%; far right bar); their 
comparison can be considered the phenotypic (nongenetically 
controlled) effect of the Singh Index on sleep duration. The 
within-twin pair effect (genetically controlled) is illustrated in 
the comparison of MZ and DZ twins discordant for area-level 
SES (middle four bars). As the model predicted, the difference 
between higher (upper 50%) and lower (bottom 50%) area-
level socioeconomic deprivation is attenuated (but not absent) 
within discordant MZ twins, evidence for genetic confounding 
in this association. Differences between DZ twins discordant 
for higher versus lower area-level SES are larger than those 
for MZ twins, again consistent with genetic confounding—the 
within-twin pair effect should be larger in DZ twins because 
they share fewer genes than MZ twins.

Gene × Environment Interaction
We next fit a model that allowed for heteroscedasticity of the 
residual (A) and (E) variance components of sleep duration 
(paths from the latent variables Au and Eu to sleep duration 

Figure 4—Sleep duration as a function of the Singh Index in various 
pair types. This bar plot demonstrates the phenotypic (nongenetically 
controlled) and within-twin pair (genetically controlled) effect of area-
level deprivation on sleep duration in twins. The phenotypic effect is 
evident comparing the concordant low-SES mean to the concordant 
high-SES mean (two outermost bars) whereas the attenuation observed 
within-twin pairs is evident comparing MZ twins discordant for higher vs. 
lower area-level SES (middle-left two bars). The effect of the Singh Index 
on sleep duration is less attenuated in discordant DZ twins (middle-right 
two bars) who share on average only 50% of their genes. DZ, dizygotic; 
MZ, monozygotic; SES, socioeconomic status.
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in Figure 3), which resulted in a significant improvement in 
model fit (P < 0.001; Model 2 in Table 4), suggesting that re-
sidual variance in sleep duration after controlling for the main 
effects of Singh Index is not constant across all levels of the 
Singh Index. Allowing the main effects of the Singh Index on 
sleep duration (the dotted paths from the [A] and [E] compo-
nents of the Singh Index to sleep duration in Figure 3) to be 
modified by different levels of the Singh Index, which yields 
unbiased estimates of moderation of residual (A) and (E) vari-
ance in sleep duration, did not improve model fit (P = 0.420; 
Model 3 in Table 4). Therefore, Model 2 was considered the 
best-fitting, most parsimonious model.

The parameter estimates in Model 2 suggest that, because 
both (A) and (E) variances increase as a function of the Singh 
Index, that the primary effect of the Singh Index was on the 
total variance of sleep duration. At mean levels of area-level de-
privation, residual genetic variance equaled 0.734 (P < 0.001), 
and increased by approximately 0.067 SDs for each additional 
unit of the Singh Index (P < 0.001). Residual nonshared envi-
ronmental variance equaled 0.934 (P < 0.001) at mean area-
level deprivation and increased at a rate of 0.063 SDs per unit 
of the Singh Index (P < 0.001). These results, in both raw and 
standardized form, are illustrated in Figure 5. Evident from 
this figure is that residual genetic variance in sleep duration 
increases as a function of area-level deprivation, as does the 
heritability of sleep duration.

As previously noted, the structural equation models pre-
dicted that the total phenotypic variance in sleep duration 
was greater in more socioeconomically deprived areas. This 
heteroscedasticity is illustrated in Figure 6, which shows box 
plots overlaid with violin plots (which show the probability 
density of the data) of sleep duration by quintile of the Singh 
Index. Evident in this figure is that the distribution of sleep du-
ration becomes more platykurtic at higher levels of area-level 

deprivation. Also evident is the phenotypic main effect that 
area-level deprivation has on sleep duration; the proportion of 
the individuals falling in the normal sleep range (7–9 h, demar-
cated by the green dotted lines in Figure 6)6,24,49,50 decreases 
with increasing quintile of the Singh Index, such that at the 
greatest levels of area-level deprivation, more than 30% of the 
sample gets less than the minimum recommended amount of 
sleep. The increased variance as a function of Singh Index also 
appears to be driven by the lower end of the sleep duration 
spectrum. The proportion of the sample getting short sleep 
(< 5 h; demarcated by the red dotted line in Figure 6) steadily 
increases across levels of the Singh Index, doubling from the 
first quintile to the fifth. However, no such systematic change is 
evident at the higher end of the sleep duration spectrum (> 9 h 
[The last quintile of Singh Index shows a higher percentage of 
individuals falling above 9 hours of sleep. It should be noted, 
however, that outliers are unstable and there does not appear to 
be a trend in the 9-hour percentages.]). 

DISCUSSION
This study demonstrates a quasi-causal effect of area-level 
deprivation on sleep duration. Overall, as area-level depriva-
tion increases sleep duration decreases, a finding that remains 
significant following complete adjustment for familial factors 
(e.g., shared environment and genetics) with the twin study de-
sign. A dose-response effect was present, with twins living in 
the most deprived areas exhibiting the greatest propensity for 
short sleep.

Socioeconomic status is inversely associated with many 
health outcomes, yielding a socioeconomic health gradient in 
many domains. Sleep is no exception, with recent evidence 
showing SES has substantive and far-reaching implications 
for sleep quality and duration. Individuals of lower SES re-
port shorter sleep duration, poorer sleep quality, longer sleep 

Table 4—Parameter estimates and model fit statistics for quasi-causal and gene × environment models.

Parameter Model 1: Quasi-Causal Model 2: Moderation of Residual Variance c Model 3: Moderation of Main Effects
Main effect of Singh Index on sleep duration

b0A −0.247 (0.233) −0.311 (0.236) −0.296 (0.221)
b1A – – 0.165 (0.156)
b0E −0.063 (0.030)* −0.061 (0.030)* −0.067 (0.030)*
b1E – – −0.008 (0.030)

Effect of Singh Index on residual ACE components of sleep duration
b0Au 0.738 (0.020)*** 0.734 (0.020)*** 0.733 (0.020)***
b1Au – 0.067 (0.024)** 0.070 (0.024)**
b0Eu 0.934 (0.013)*** 0.934 (0.013)*** 0.934 (0.013)***
b1Eu – 0.063 (0.017)*** 0.063 (0.017)***

Model fit
−2LL 131256.131 131190.660 131188.924
Δ −2LL (Δdf) – 65.471 (+2) 1.736 (+2)
P – < 0.001 a 0.420 b

*P < 0.05, **P < 0.01, ***P < 0.001. aCompared with Model 1. bCompared with Model 2. cBest-fitting model. A, additive genetics; C, common environment; 
E, unique environment; −2LL, the −2×log-likelihood of the model.
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latency, more daytime sleepiness, and weekend oversleep.51

Research using data from the National Health and Nutrition 

Examination Survey showed that lower SES—as defi ned by 
reduced income and education, use of public insurance, and 
low food security—was associated with subjective endorse-
ment of habitual very short sleep duration (< 5 h/night).52 This 
relationship exists whether SES is determined objectively or 
subjectively and cuts across ages and life stages. In adults, 
after adjusting for objective measures of SES, low subjective 
SES was linked with nonoptimal sleep duration, poor sleep 
quality, daytime sleepiness, and irregular sleep habits.51,53

Pregnant women with low SES, as defi ned by self-reported 
household income < $50,000/y, showed reduced sleep quality 
and fragmented sleep.54 In children and adolescents, objective 
indices of parental SES such as household income and parental 
education are linked with shorter and poorer sleep, increased 
nocturnal awakenings, and daytime sleepiness.55,56 Our fi nd-
ings add to this literature by introducing the notion of causality 
through use of twin research methods. We show a signifi cant 
nonshared environmental pathway from the Singh Index to 
sleep duration. By accounting for genetic and shared environ-
mental factors within twin pairs, we increase the likelihood 
this fi nding is driven by the environmental contribution of 
area-level deprivation. This is consistent with the social-eco-
logical model of sleep,57 where the relationship between sleep 
and health is infl uenced by individual-level factors, as well as 
those at the social-environmental level that exist outside the 
individual in the neighborhood in which they live.

Which elements endemic to poor living environments con-
tribute most to reduced and poor sleep? Our comprehensive 
composite measure does not specifi cally address this question 
but this is an area worthy of further research. Factors such as 
ambient noise levels (particularly at night),58,59 threat of crime 
and violence,60 and resource scarcity and the resultant psy-
chological stress response,61 air pollution,62 and crowded and 
inadequate sleeping environments63 are all potential contribu-
tors. Health and social factors that apply downward pressure 

Figure 5—Raw residual variance (left) and standardized residual variance (right) in sleep duration as a function of area-level deprivation. The stacked 
variance plot on the left illustrates how the (A), (E), and total residual variance in sleep duration increases with units of the Singh Index. The dotted white 
lines represent the 95% confi dence intervals around the change in residual variance. The stacked variance plot on the right shows the proportion of total 
residual variance in sleep duration attributable to genetic factors (h2) and nonshared environmental factors (e 2) vary as a function of the Singh Index.

Figure 6—Box plots overlaid with violin plots, sleep duration as a 
function of quintile of Singh Index, with median sleep duration of each 
quintile labeled. Normal sleep (7–9 h) falls between the two dotted green 
lines. The dotted red line denotes short sleep (5 h). The sample was 
divided according to quintiles of the Singh Index. The boxplots grow 
wider as a function of increasing Singh Index, demonstrating that the 
25th and 75th percentiles cover a wider range of sleep duration at greater 
levels of area-level deprivation. Similarly, the violin plots (which provide 
information about the probability density of the subsamples) grow 
fl atter and wider with increasing area-level deprivation. The percentage 
next to each violin plot is the proportion of the subsample sleeping for 
greater than 9 h each night (topmost percentage), fewer than 7 h (middle 
row of percentages), and fewer than 5 h (bottommost percentages). 
Evident in this fi gure is that the percentage of individuals receiving less 
sleep increases as level of Singh Index increases, but no systematic 
differences are observed for longer sleep durations.
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on SES, such as chronic pain64 and psychological illness,65 
may also interfere with attempts to obtain adequate sleep. De-
tailed research that collects individual level, real-time data 
on noise exposure, activity levels, stress hormones, and sleep 
length and quality are needed to better define the opportuni-
ties for intervention to improve sleep health in those living in 
deprived areas.

In addition to the quasi-causal finding, we revealed a gene 
× environment interaction effect of area-level deprivation on 
sleep duration. This effect involved the residual sleep dura-
tion variance present after accounting for the main effect of 
the Singh Index on sleep duration. That is, it modified genetic 
factors unique to sleep duration and not those shared between 
sleep duration and the Singh Index. This interaction showed 
that more deprived areas were associated with increased total 
phenotypic variance in sleep duration. This included both 
residual genetic and nonshared environmental components, 
which both increased with increases in area-level deprivation.

Numerous experimental and epidemiological studies show 
the relationship between sleep duration and health follows a U-
shaped trend,6,24,30,66,67 with untoward associations observed at 
sleep durations both shorter and, for some studies, longer than 
the 7–9 h of sleep per night generally considered necessary for 
human physiological homeostasis. We found that sleep dura-
tion variance increased as a function of increasing area-level 
deprivation. This increased variability can only represent in-
dividuals sleeping outside this “normal” range, with potential 
attendant consequences for health and well-being, particularly 
for those sleeping shorter durations.

As previously mentioned, residual genetic and nonshared 
environmental variance in sleep duration increased with in-
creasing Singh Index and the gene × environment interaction 
did not involve shared genetic factors between the two. Taken 
together, these findings do not support the notion of deprived 
areas activating genetic pathways that control sleep duration. A 
more likely interpretation is that deprived areas facilitate ex-
isting genetic and nonshared environmental determinants of 
sleep duration. This phenomenon occurs in a dose-response 
manner, but accelerates in the highest quintile of the Singh 
Index, suggesting efforts to extend sleep durations would be 
maximally influential in the most deprived areas.

This study has a number of strengths. The Singh Index is 
robust and validated, incorporating 17 different area-level in-
dicators, whereas other studies in this domain explore many 
fewer indicators of SES, which risks misspecification bias of 
the independent variable. Our sample size is large, and the twin 
method provides powerful opportunities to explore relation-
ships between variables not available with unrelated subjects. 
This study also has several limitations. Our subjective measure 
of sleep duration was not validated. Also, the small change in 
sleep duration for every one unit change in SD of the Singh 
Index may not be an important clinical difference on an indi-
vidual basis. Our sample was less deprived than a nationally 
representative sample. However, our sample had similar mean 
deprivation values in the higher quintiles and a broader range 
than the nationally representative sample. We adjusted for mul-
tiple covariates, but the possibility of residual confounding ex-
ists. Our twins were predominantly younger adult Caucasian 

women and the unique SES of our twin sample does not mirror 
that of other populations, and therefore our results should be ap-
plied to the general population with caution. In particular, future 
research should examine the relation between area-level depri-
vation and sleep duration in racial/ethnic minorities. It should 
be noted that our sample was derived from the community and 
not from a clinical population seeking health care, which in-
creases the generalizability of the results. Self-reported sleep 
duration, which is commonly used in observational studies, 
approximates objective measures of sleep length,68,69 although 
recent studies suggest it may be biased by overestimation.70 
Future studies assessing quasi-causal associations and gene × 
environment interactions between area-level deprivation and 
sleep duration would benefit from direct objective measure-
ment of the sleep variable with wrist actigraphy.

In conclusion, we found a quasi-causal relationship and gene 
× environment interaction between area-level deprivation as 
defined by the Singh Index and subjective sleep duration. More 
deprived areas were associated with reduced sleep duration, a 
robust finding present after accounting for genetic and shared 
environmental confounding, which asserts that area-level 
deprivation may decrease habitual sleep duration. We found 
that increased area-level deprivation was also associated with 
increased variance in sleep duration from both a genetic and 
nonshared environmental standpoint. Because health is likely 
optimized within a defined sleep duration, increased variance 
likely implies movement to extremes with attendant untoward 
consequences for health, particularly for short sleepers. Future 
studies are needed to reveal specific aspects of deprived areas 
that contribute to this phenomenon as a prelude to interven-
tional studies aimed at improving sleep and overall health for 
denizens of these communities.
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