
Causal associations of short and long sleep

durations with 12 cardiovascular diseases:

linear and nonlinear Mendelian randomization

analyses in UK Biobank

Sizhi Ai1,2,3, Jihui Zhang 1,2,4*, Guoan Zhao3, Ningjian Wang 5, Guohua Li3,

Hon-Cheong So 6, Yaping Liu 1, Steven Wai-Ho Chau 1, Jie Chen1, Xiao Tan 7,

Fujun Jia2, Xiangdong Tang8, Jie Shi9, Lin Lu9, and Yun-Kwok Wing 1,†

1Li Chiu Kong Family Sleep Assessment Unit, Department of Psychiatry, Faculty of Medicine, The Chinese University of Hong Kong, 33 A Kung Kok Street, Sha Tin District,
Hong Kong SAR 000000, China; 2Guangdong Mental Health Center, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, 123 Huifu West Road,
Yuexiu District, Guangzhou 510000, China; 3Department of Cardiology, Heart Center, The First Affiliated Hospital of Xinxiang Medical University, 88 Jiankang Road, Weihui
453100, China; 4The Second School of Clinical Medicine, Southern Medical University, 253 Industrial Avenue Middle, Haizhu District, Guangzhou 510280, China; 5Institute and
Department of Endocrinology and Metabolism, Shanghai Ninth People’s Hospital, Shanghai JiaoTong University School of Medicine, 639 Manufacturing Bureau Road, Huangpu
District, Shanghai 200011, China; 6School of Biomedical Sciences, Department of Psychiatry, KIZ-CUHK Joint Laboratory of Bioresources and Molecular Research of Common
Diseases, Cheung Research Centre for Management of Parkinsonism, Faculty of Medicine, The Chinese University of Hong Kong, Da Xue Road, Horse Material Water, Sha Tin
District, Hong Kong SAR 000000, China; 7Department of Neuroscience, Uppsala University, BMC, 3 Husargatan, Uppsala 75124, Sweden; 8Sleep Medicine Center, Department
of Respiratory and Critical Care Medicine, Mental Health Center, Translational Neuroscience Center, State Key Laboratory of Biotherapy, West China Hospital, Sichuan
University, 37 Guoxue Alley, Wuhou District, Chengdu 610041, China; and 9National Institute on Drug Dependence, Peking University Sixth Hospital, Peking University,
38 Xueyuan Road, Haidian District, Beijing 100191, China

Received 4 November 2020; revised 15 December 2020; editorial decision 5 March 2021; accepted 6 March 2021; online publish-ahead-of-print 5 April 2021

See page 3358 for the editorial comment on this article (doi:10.1093/eurheartj/ehab248)

Aims Observational studies have suggested strong associations between sleep duration and many cardiovascular diseases
(CVDs), but causal inferences have not been confirmed. We aimed to determine the causal associations between
genetically predicted sleep duration and 12 CVDs using both linear and nonlinear Mendelian randomization (MR)
designs.

...................................................................................................................................................................................................
Methods
and results

Genetic variants associated with continuous, short (<_6 h) and long (>_9 h) sleep durations were used to examine
the causal associations with 12 CVDs among 404 044 UK Biobank participants of White British ancestry. Linear
MR analyses showed that genetically predicted sleep duration was negatively associated with arterial hypertension,
atrial fibrillation, pulmonary embolism, and chronic ischaemic heart disease after correcting for multiple tests
(P < 0.001). Nonlinear MR analyses demonstrated nonlinearity (L-shaped associations) between genetically pre-
dicted sleep duration and four CVDs, including arterial hypertension, chronic ischaemic heart disease, coronary
artery disease, and myocardial infarction. Complementary analyses provided confirmative evidence of the
adverse effects of genetically predicted short sleep duration on the risks of 5 out of the 12 CVDs, including arterial
hypertension, pulmonary embolism, coronary artery disease, myocardial infarction, and chronic ischaemic heart
disease (P < 0.001), and suggestive evidence for atrial fibrillation (P < 0.05). However, genetically predicted long
sleep duration was not associated with any CVD.

...................................................................................................................................................................................................
Conclusion This study suggests that genetically predicted short sleep duration is a potential causal risk factor of several CVDs,

while genetically predicted long sleep duration is unlikely to be a causal risk factor for most CVDs.
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Introduction

As a modifiable lifestyle behaviour, sleep is vital to human health.
Observational studies have consistently suggested associations be-
tween sleep duration and adverse health outcomes.1–5 Several meta-
analyses have shown either U- or J-shaped associations between
sleep duration and various cardiovascular diseases (CVDs), indicating
that both short (<_6 h) and long (>_9 h) sleep durations are associated
with higher risks of CVDs.6–9 These studies have also shown that
these adverse effects are more pronounced in people with longer
sleep duration. The associations of short sleep duration with CVDs
are supported by experimental studies, which have consistently
shown that sleep deprivation or restriction would exert various ad-
verse effects on the cardiovascular systems of healthy participants,
including increased activity in the sympathetic nervous system,
inflammation, and accelerated atherosclerosis.10–12 In contrast, no

experimental study to date has suggested that sleeping longer
than 9 h is inherently harmful, and there is a lack of hypothetical
mechanisms in explaining the adverse effects of long sleep duration
on CVD risks, especially in healthy participants.13,14 Although the
underlying reasons for long sleep duration leading to increased CVD
risks are not highly apparent, many experts have suggested that a
long sleep duration is a fatal lifestyle factor in the general popula-
tion.9,15,16 However, this statement is potentially an overclaim or
even misleading, if the causal role of long sleep duration on cardiovas-
cular outcomes is not clarified.

Traditional observational studies, even when they are well
designed, prospective with large sample sizes, are prone to be biased
by residual confounding effects and reverse causation. Previous stud-
ies have shown that demographic or clinical factors, such as lack of
employment, low socioeconomic status, and depression,17,18 may
confound the associations between sleep duration and CVDs.5

Graphical Abstract

Causal associations of short and long sleep durations with 12 cardiovascular diseases: linear and nonlinear Mendelian randomization analyses in
UK Biobank. All associations are significant at a Bonferroni threshold of P < 4.2E-03 (corrected for 12 outcomes). CVD, cardiovascular disease; SNP, single
nucleotide polymorphism.
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Mendelian randomization (MR) using genetic variants as instrumental
variables can provide unconfounded estimates and overcome the
limitations of observational studies. The rationale for the MR design is
that the genetic variants are fixed at conception and randomly
assigned to individuals. Thus, the design can be conceptualized as a
natural experiment and is immune to the effects of residual con-
founding and reverse causation. Recent studies have employed the
linear MR method to investigate the causal associations between
sleep duration and several CVDs,19–23 but the causality for a broader
range of CVDs, such as atrial fibrillation, pulmonary embolism, and
deep vein thrombosis, is still unclear. Notably, the characteristics of
the causal associations between sleep duration and many CVDs are
likely nonlinear, as reflected by the U- or J-shaped associations as
identified in previous observational studies. To our knowledge, there
is no study that has attempted to clarify the potential nonlinear MR
associations between sleep duration and CVDs.

In the present study, we aimed to determine the potential causal
associations between sleep duration and a broad range of CVDs via
MR analyses. We first performed linear MR analyses to estimate the
associations between genetically predicted sleep duration and CVD
risks. Second, we employed nonlinear MR analyses to characterize
the shape of associations between genetically predicted sleep
duration and CVDs. Finally, we used genetic variants associated with
short and long sleep durations to determine how genetically pre-
dicted short and long sleep durations are causally associated with
CVDs, respectively.

Methods

Study participants
The UK Biobank (UKB) cohort recruited >500 000 participants aged
40–69 years in 22 assessment centres across the UK between 2006 and
2010. All participants gave informed consent to participate in the study
and were required to complete a series of baseline measurements. All
the information, such as sleep duration, disease conditions, confounding
factors, and genetic variants, is available in the UKB.24 To minimize the
potential confounding caused by ancestry, our main analysis only included
unrelated participants of European ancestry. After detailed quality
control of the UKB participants and genetic variants, a total of 404 044
participants were included in the analyses. Detailed information regarding
participant selection is available in Supplementary material online, Text S1.

Ascertainment of exposure and outcomes
The main exposure of the present study was self-reported sleep duration,
which was assessed by a standardized question: ‘About how many hours
of sleep do you get in every 24 hours? (please include naps)’ with
responses in integer hours. We excluded participants with missing sleep
duration data or sleep duration out of 4–11 h/day range to minimize the
incredible sleep duration outliers. Continuous sleep duration was classi-
fied into short (<_6 h), normal (7–8 h), and long (>_9 h) sleep durations
according to previous study.25

To characterize the causal associations between genetically predicted
sleep duration and different cardiovascular risks, we included a broad
range of CVDs, including cerebrovascular diseases (ischaemic stroke,
haemorrhagic stroke, and transient ischaemic attack), thromboembolic
diseases (pulmonary embolism, deep vein thrombosis), and other CVDs
(arterial hypertension, atrial fibrillation, chronic ischaemic heart disease,
coronary artery disease, myocardial infarction, cardiomyopathy, and

peripheral artery disease). All CVD events were obtained according to
the first occurrence of a set of diagnostic codes for those CVD outcomes
defined by the 3-digit code of the International Classification of Diseases
10th Revision (https://www.who.int/classifications/icd/en/). The source of
first occurrence data was derived from hospital inpatient records, death
register, primary care records, and self-report health conditions from the
UKB assessment clinics. The definition of each CVD is presented in
Supplementary material online, Table S1.

Single-nucleotide polymorphisms and

genetic risk score as instrumental variables
We used 78 single-nucleotide polymorphisms (SNPs) that were associ-
ated with continuous sleep duration at a genome-wide significance
threshold (P < 5� 10-8), as reported in a recent genome-wide association
study (GWAS) in the UKB,25 as genetic instruments (Supplementary
material online, Table S2). The unweighted genetic risk score (GRS) for
each participant was calculated by summing the number of sleep
duration-increasing alleles. In general, the unweighted GRS explained
0.61% of the variance in sleep duration (R2 = 0.61%, F-statistic = 2459). In
addition, we used the SNPs for short (<_6 h/day) and long (>_9 h/day) sleep
durations from the same GWAS in the UKB25 as instrumental variables in
the complementary analyses (Supplementary material online, Tables S3
and S4).

Study design
We first used a simple method to investigate the association between
unweighted GRS of self-reported sleep duration and 12 CVDs
(Supplementary material online, Text S2). Then, we used standard linear
and nonlinear MR analyses to estimate the causal associations between
genetically predicted continuous sleep duration and 12 CVDs. We first
performed a linear MR analysis to assess the associations between
genetically predicted sleep duration and CVDs. The estimate yielded
by the linear MR analysis indicates the average change in the outcome
resulting from 1 h increase in sleep duration. Then, we performed a
nonlinear MR analysis to estimate the shape of associations between
genetically predicted sleep duration and CVDs. Given the nonlinear
associations between continuous sleep duration and CVDs, we also used
SNPs associated with short and long sleep durations to estimate the
causal effects of genetically predicted short and long sleep durations on
CVDs in the complementary analyses. The causal estimates [i.e. the odds
ratios (ORs) for CVDs] were rescaled so that they could be interpreted
for per doubling of genetic liability for short and long sleep durations, as
previously described.26

Linear Mendelian randomization analyses
We used a two-stage least squares method to assess the associations
between genetically predicted sleep duration and 12 CVD outcomes
produced by the linear MR analyses. We first regressed the exposures on
the GRS and then regressed the outcome on the fitted values of the
exposure from the first-stage regression. Both stages were adjusted for
age, sex, assessment centres, top 10 principal components of ancestry,
and genotyping arrays of the participants. To avoid the potential violation
of MR assumptions, we further assessed the validity of the genetic variants
by testing the associations of potential confounders with the GRS and
repeated our MR analyses with an adjustment included for the confound-
ers. Other MR methods (inverse-variance weighted, weighted median
and MR-Egger) were also conducted with ‘TwoSampleMR’ package to
account for potential pleiotropy (Supplementary material online,
Text S3).27,28 We also conducted RadialMR29 analyses using modified
second-order weights to identify outliers. We used an a level of 0.05
divided by the number of SNPs being used in the MR analyses. Once the
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.outliers were identified, the outliers were removed, and the results were
reanalysed. We used an online tool (https://sb452.shinyapps.io/power/)
to estimate the statistical power of a linear MR analysis (Supplementary
material online, Table S5).

Nonlinear Mendelian randomization analyses
We used nonlinear MR with a piecewise linear method to assess the
nonlinear associations between genetically predicted sleep durations and
12 CVDs.30 In brief, we divided our sample into three strata according to
the residual variation of the continuous sleep duration after regressing on
the GRS. Then, we calculated piecewise linear MR estimates in each stra-
tum, and these are referred to as localized average causal effects (LACE)
in these strata. We reported the P-values from two tests for nonlinearity,
the quadratic test and the Cochran’s Q test.30

Complementary analyses
In the complementary analyses, we used the sum of the short or long
sleep duration risk alleles multiplied by the GWAS effect sizes and then
regressed against these CVDs, adjusting for age, sex, assessment centre,
top 10 principal components of ancestry, and genotyping array.20 The
effects estimates were scaled as described in the preceding text. For the
sensitivity analysis, we used the weighted median, MR-Egger, and
RadialMR methods27–29 to account for any potential pleiotropy and

outliers (Supplementary material online, Text S3). The outliers, if any,
were removed before data analyses were conducted. To account for
multiple testing, we used a Bonferroni-corrected threshold of
P < 4.2� 10-3 (a = 0.05/12 outcomes) in our primary analyses. We
considered P-values between 4.2� 10-3 and 0.05 as suggestive
evidence of associations in the main analyses. All statistical analyses
were conducted with R software (version 4.0.0 with packages, R
Foundation for Statistical Computing, Vienna, Austria), and the P-values
obtained are two tailed.

Results

Baseline characteristics
The baseline characteristics are shown in Table 1. A total of 404 044
participants [mean age (SD): 56.23 years (8.10), 45.2% male] were
included in the final analyses. Participants who slept with normal sleep
duration (7–8 h per day) were more likely to be younger, educated
and employed; had a lower body mass index and Townsend
deprivation index; and had a relatively lower prevalence of most
CVDs than those who slept shorter than 6 h or longer than 9 h. They
were less likely to be current smokers or have low incomes.

.............................................................................................................................................................

....................................................................................................................................................................................................................

Table 1 Baseline characteristics of participants in the UK Biobank (n 5 404 044)

Habitual sleep duration (h)

4 5 6 7 or 8 9 10 11

Demographics

Participants, n 3357 16 771 75 802 277 818 24 168 5600 528

Age, years 57.2 ± 7.59 57.3 ± 7.71 56.7 ± 7.77 56.7 ± 8.07 59.1 ± 7.79 59.1 ± 7.80 57.4 ± 8.24

Male sex 1427 (42.5) 7293 (43.5) 36120 (47.7) 127718 (46.0) 10543 (43.6) 2537 (45.3) 224 (42.4)

University or college degree 455 (13.6) 3308 (19.7) 21516 (28.4) 92379 (33.3) 5921 (24.5) 1019 (18.2) 98 (18.6)

Current smoker 624 (18.6) 2388 (14.2) 8746 (11.5) 25328 (9.1) 2495 (10.3) 804 (14.4) 79 (15.0)

Current employed 1349 (40.2) 8818 (52.6) 46679 (61.5) 162128 (58.4) 8492 (35.1) 1388 (24.8) 108 (20.5)

Lower incomea 1265 (37.7) 4631 (27.6) 14873 (19.6) 47344 (17.0) 6638 (27.5) 2123 (37.9) 221 (41.9)

Townsend deprivation indexb -0.03 ± 3.53 -0.82 ± 3.27 -1.34 ± 3.03 -1.72 ± 2.83 -1.54 ± 2.95 -0.81 ± 3.24 -0.65 ± 3.41

Body mass index, kg/m2 29.0 ± 5.90 28.4 ± 5.29 27.8 ± 4.93 27.1 ± 4.56 27.8 ± 4.89 28.9 ± 5.56 29.0 ± 5.90

Outcomes

Ischaemic stroke 75 (2.2) 259 (1.5) 865 (1.1) 2999 (1.1) 436 (1.8) 137 (2.4) 12 (2.3)

Transient ischaemic attack 80 (2.4) 355 (2.1) 1259 (1.7) 4407 (1.6) 488 (2.0) 130 (2.3) 21 (4.0)

Haemorrhagic stroke 27 (0.8) 114 (0.7) 439 (0.6) 1559 (0.6) 184 (0.8) 45 (0.8) 2 (0.4)

Pulmonary embolism 87 (2.6) 391 (2.3) 1334 (1.8) 4465 (1.6) 590 (2.4) 178 (3.2) 14 (2.7)

Deep vein thrombosis 108 (3.2) 441 (2.6) 1986 (2.6) 7028 (2.5) 686 (2.8) 183 (3.3) 13 (2.5)

Arterial hypertension 1279 (38.1) 5391 (32.1) 20003 (26.4) 64392 (23.2) 7330 (30.3) 2143 (38.3) 214 (40.5)

Atrial fibrillation 240 (7.1) 1030 (6.1) 3836 (5.1) 13340 (4.8) 1666 (6.9) 480 (8.6) 33 (6.3)

Chronic ischaemic heart disease 472 (14.1) 1728 (10.3) 5984 (7.9) 18862 (6.8) 2485 (10.3) 841 (15.0) 75 (14.2)

Coronary artery disease 299 (8.9) 1030 (6.1) 3538 (4.7) 10727 (3.9) 1496 (6.2) 517 (9.2) 48 (9.1)

Cardiomyopathy 26 (0.8) 113 (0.7) 345 (0.5) 1165 (0.4) 163 (0.7) 59 (1.1) 7 (1.3)

Myocardial infarction 291 (8.7) 992 (5.9) 3356 (4.4) 10232 (3.7) 1422 (5.9) 502 (9.0) 50 (9.5)

Peripheral artery disease 90 (2.7) 387 (2.3) 1645 (2.2) 5796 (2.1) 675 (2.8) 195 (3.5) 12 (2.3)

Values are expressed as mean ± standard deviation, or n (%).
aLower income was defined as average total household income before tax <18 000.
bTownsend deprivation index was calculated based on the preceding national census output areas prior to participant joining the UK Biobank. Each participant is assigned a
score corresponding to their postcode location; a lower score represents lower deprivation. All baseline covariates were associated with sleep duration, with P < 0.001 for
trend across different stratification.
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Association between unweighted genetic
risk score of self-reported sleep duration
and 12 cardiovascular diseases
The baseline characteristics of participants in different GRS quartiles
of self-reported sleep duration are shown in Supplementary material
online, Table S6. The mean sleep duration was significantly associated
with the GRS groups, with P < 2.0E-16 for trend across categories.
We observed significant associations for the prevalence of pulmonary
embolism, arterial hypertension, atrial fibrillation, and chronic ischae-
mic heart disease, with the GRS quartiles (all P-values < 4.2E-03,
Supplementary material online, Table S7). To further test whether a
higher GRS was associated with a lower OR of those CVDs, we
investigated the associations between GRS of each category and 12
CVDs, with lowest GRS as the reference group (Table 2). Compared
to the lowest quartile of GRS, the highest quartile of GRS was associ-
ated with a 14.0% lower odds for pulmonary embolism (P = 3.61E-5),
4.0% lower odds for hypertension (P = 2.45E-4), 7.0% lower odds for
atrial fibrillation (P = 5.82E-4), and 7.0% lower odds for chronic is-
chaemic heart disease (P = 1.52E-4).

Linear Mendelian randomization
analyses of sleep duration with 12
cardiovascular diseases
The linear MR analyses showed overall negative associations between
genetically predicted sleep duration and 4 of the 12 CVD outcomes
(Figure 1), including arterial hypertension, atrial fibrillation, pulmonary
embolism, and chronic ischaemic heart disease. The OR per
genetically predicted 1-h increase in sleep duration ranged from 0.51

[95% confidence interval (CI) 0.38–0.69; P = 1.02E-05] for pulmonary
embolism to 0.81 (95% CI 0.74–0.88; P = 4.54E-06) for arterial
hypertension (Figure 1), which were consistent with findings regarding
the associations between unweighted GRS of self-reported
sleep duration and CVDs (Table 2). There was suggestive evidence of
negative associations between genetically predicted sleep duration
and cardiomyopathy, coronary artery disease, and deep vein throm-
bosis (P < 0.05), whereas no significant associations were found
between genetically predicted sleep duration and other CVDs, such
as ischaemic stroke, transient ischaemic attack, haemorrhagic stroke,
myocardial infarction, and peripheral artery disease.

In the sensitivity analyses, we adjusted for the potential confound-
ers that were significantly associated with the GRS (Supplementary
material online, Table S8), and the results were still consistent with
those of the main analysis (Supplementary material online, Table S9).
The radial MR analyses indicated outlying genetic variants in some of
the outcomes, including one outlier SNP each for atrial fibrillation,
coronary artery disease, ischaemic stroke, and transient ischaemic at-
tack, respectively, and six outlier SNPs for arterial hypertension
(Supplementary material online, Figure S1). The pleiotropic effects of
these outliers were shown in the phenome-wide association study
analyses of the outlying SNPs with all existing traits in the MR-Base
database (Supplementary material online, Figure S2). After excluding
these outliers, the OR of per genetically predicted 1-h increase in
sleep duration for arterial hypertension (OR 0.80; 95% CI 0.70–0.91,
P = 0.001), atrial fibrillation (OR 0.72; 95% CI 0.58–0.88, P = 0.002),
coronary artery disease (OR 0.77; 95% CI 0.62–0.95, P = 0.016), is-
chaemic stroke (OR 0.69; 95% CI 0.47–1.00, P = 0.050), and transient
ischaemic attack (OR 0.91; 95% CI 0.65–1.29, P = 0.61) did not

..............................................................................................................................................................

....................................... ....................................... .......................................

....................................................................................................................................................................................................................

Table 2 Associations between genetic risk score quartiles and 12 cardiovascular diseases in UK Biobank (n 5 404 044)

Genetic risk score

Lowest GRS Intermediate GRS Highest GRS P for trend

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Cerebrovascular diseases

Ischaemic stroke Ref 0.96 (0.89–1.03) 0.232 0.95 (0.87–1.03) 0.219 0.97 (0.93–1.02) 0.211

Transient ischaemic attack Ref 1.00 (0.94–1.06) 0.962 0.97 (0.90–1.04) 0.331 0.98 (0.95–1.02) 0.343

Haemorrhagic stroke Ref 0.94 (0.86–1.04) 0.262 1.06 (0.94–1.19) 0.357 1.03 (0.97–1.09) 0.376

Thrombotic diseases

Pulmonary embolism Ref 0.91 (0.86–0.96) 8.69E-4 0.86 (0.81–0.93) 3.61E-5 0.93 (0.90–0.96) 2.72E-5

Deep vein thrombosis Ref 0.93 (0.89–0.98) 0.004 0.94 (0.89–0.99) 0.025 0.97 (0.94–0.99) 0.020

Other CVDs

Arterial hypertension Ref 0.98 (0.96–1.00) 0.025 0.96 (0.92–0.98) 2.45E-4 0.98 (0.97–0.99) 2.41E-4

Atrial fibrillation Ref 0.95 (0.91–0.98) 0.002 0.93 (0.89–0.97) 5.82E-4 0.96 (0.94–0.98) 4.75E-4

Chronic ischaemic heart disease Ref 0.97 (0.95–1.00) 0.082 0.93 (0.90–0.97) 1.52E-4 0.97 (0.95–0.98) 1.65E-4

Coronary artery disease Ref 0.96 (0.92–0.99) 0.025 0.96 (0.92–1.01) 0.108 0.98 (0.96–1.00) 0.096

Cardiomyopathy Ref 0.97 (0.87–1.08) 0.582 0.93 (0.82–1.07) 0.304 0.97 (0.90–1.03) 0.305

Myocardial infarction Ref 0.97 (0.94–1.01) 0.145 0.99 (0.95–1.04) 0.726 1.00 (0.97–1.02) 0.690

Peripheral artery disease Ref 0.98 (0.93–1.03) 0.379 0.97 (0.91–1.03) 0.282 0.98 (0.95–1.01) 0.277

Adjusted for age, sex, assessment centres, top 10 genetic principal components, and genotyping array. Statistical significance was defined as Bonferroni-corrected threshold of
P < 4.2E-03 (0.05/12).
CI, confidence interval; CVD, cardiovascular disease; GRS, genetic risk score; OR, odds ratio.
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..change markedly. The OR estimates obtained from the weighted
median method were similar to those of the main analyses but with a
relatively lower precision. The MR-Egger analysis revealed consistent
estimates and suggested no directional pleiotropy for the CVD
outcomes (Supplementary material online, Table S10).

Nonlinear Mendelian randomization
analyses of sleep duration with 12
cardiovascular diseases
Nonlinear MR analyses were performed with a piecewise linear
method using three strata according to the residual variation of sleep
duration. The results indicated L-shaped associations between genet-
ically predicted continuous sleep duration and the risks of arterial
hypertension (Cochran Q P = 9.96E-14; Quadratic test P = 7.22E-13),
coronary artery disease (Cochran Q P = 1.90E-07; Quadratic test
P = 2.15E-08), chronic ischaemic heart disease (Cochran Q
P = 1.34E-06; Quadratic test P = 2.21E-06), and myocardial infarction
(Cochran Q P = 9.52E-08; Quadratic test P = 1.28E-06). This

suggested a better fitting with the nonlinear model than the linear
model (Supplementary material online, Figure S3). The LACE esti-
mates suggested causal adverse effects of genetically predicted sleep
duration on the risks of several CVDs in the short sleep duration
strata but not in the long sleep duration strata (Supplementary ma-
terial online, Figure S3).

Genetically predicted short and long
sleep durations with the risk of 12
cardiovascular diseases
Figure 2 shows strong evidence of the adverse causal effects of having
a genetically predicted short sleep duration on a broad range of
CVDs, including arterial hypertension, coronary artery disease, myo-
cardial infarction, chronic ischaemic heart disease, and pulmonary
embolism (P < 0.001), and suggestive evidence for atrial fibrillation
(P < 0.05). In contrast, there was no evidence on the adverse causal
effects of genetically predicted long sleep duration on these CVDs
(Figure 2). In the sensitivity analyses, the weighted median estimates

Figure 1 Linear Mendelian randomization estimates for the associations of genetically predicted sleep duration with 12 cardiovascular
diseases in UK Biobank. Odds ratios were estimated by two-stage least squares regression method with adjustment for age, sex, assessment
centre, top 10 genetic principal components, and genotyping array in both stages. The values represent genetically predicted 1 h increase in
sleep duration resulting in an average change in the outcome. Statistical significance was defined as Bonferroni-corrected threshold of
P < 4.2E-03 (0.05/12).
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..showed the same directions as those in the main analyses, and the
MR-Egger regression analyses did not find any pleiotropy
(Supplementary material online, Table S11). The radial MR method

identified one outlier each for coronary artery disease, chronic is-
chaemic heart disease, and myocardial infarction and five outliers for
arterial hypertension (Supplementary material online, Figure S4). The

Figure 2 Mendelian randomization estimates for genetically predicted short and long sleep durations with 12 cardiovascular outcomes in UK
Biobank. Odds ratios for genetically predicted short or long sleep duration were estimated by regression weighted sleep genetic allele score with car-
diovascular disease risk using individual-level data from UKB, with adjustment for age, sex, assessment centre, top 10 genetic principal components,
and genotyping array. The values reflect the increase in cardiovascular disease risk associated with per doubling changes in the odds of genetically pre-
dicted short or long sleep duration. Statistical significance was defined as Bonferroni-corrected threshold of P < 4.2E-03 (0.05/12).
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.
pleiotropic effects of these outliers are shown in Supplementary ma-
terial online, Figure S5. After excluding these outliers, the OR esti-
mates for arterial hypertension (1.15; 95% CI 1.09–1.22, P = 4.17E-7),
coronary artery disease (1.29; 95% CI 1.16–1.43, P = 3.78E-06), myo-
cardial infarction (1.25; 95% CI 1.12–1.39, P = 5.78E-05), and chronic
ischaemic heart disease (1.12; 95% CI 1.02–1.21, P = 9.69E-03) did
not change markedly. For the long sleep duration, the MR-Egger anal-
yses detected potential pleiotropy for the outcomes of deep vein
thrombosis and cardiomyopathy, but the results in the main and sen-
sitivity analyses trended towards the null hypothesis for all CVDs
(Figure 2 and Supplementary material online, Table S12).

Discussion

In the current study, we found that unweighted GRS of self-reported
sleep duration is associated with a lower risk of 4 out of 12 CVDs
tested in this study (i.e. arterial hypertension, atrial fibrillation, pul-
monary embolism, and chronic ischaemic heart disease). The linear
MR analyses further provide evidence that genetically predicted sleep
duration is a potentially causally factor of these four CVDs.
Complementary analyses provided further evidence of adverse
effects of genetically predicted short sleep duration on the risks of
5 out of 12 CVDs (Graphical abstract), with three overlapping
with four CVDs found in linear association. However, genetically
predicted long sleep duration was not adversely associated with any
CVD. Nonlinear MR analyses demonstrated an L shaped rather than
a U-shaped association between sleep duration and several CVDs.
These analyses from different angles consistently suggest that genetic-
ally predicted short sleep duration is a potentially causal risk factor
for common CVDs, while genetically predicted long sleep duration is
unlikely to be a causal risk factor for CVDs.

Many conventional observational studies have confirmed that
short sleep duration is longitudinally associated with increased risks
of many CVDs.6–8 Previous MR studies conducted by Daghlas et al.20

and Gao et al.31 have also suggested that short sleep duration may be
a potential causal risk factor for some CVDs, such as myocardial
infarction and coronary artery disease. Nevertheless, recent MR
studies reported inconsistent results on the causal association
between sleep duration and coronary heart disease.22,23 One of the
reasons may be due to the fact that there were fewer genetic variants
of sleep duration in these studies than that of the previous two
studies,20,31 which may have decreased their statistical power with
potential false negative results. In the current study, we employed the
same set of genetic variants as Daghlas et al.20 and Gao et al.31 and
found consistent evidence for the causal adverse effects of genetically
predicted short sleep duration on a broad range of CVDs, including
myocardial infarction and coronary artery disease. Larsson and
Markus32 found that genetic liability to insomnia is associated with a
modest increased risk of four CVDs by using a two-sample MR study.
Although clinical presentation of insomnia and short sleep duration is
different, it seems that they influence cardiometabolic health through
some common pathophysiological mechanisms, including dysfunction
of the sympathetic nervous system, acceleration of metabolic
diseases and atherosclerosis, increased inflammation, and cardiac dys-
function.11,12,33,34 Recent studies also suggested that extended sleep
duration could improve individuals’ cardiovascular health, especially

in college students or prehypertension participants, who are usually
deprived of sleep.35,36 Therefore, increasing sleep duration among
short sleepers might be a promising strategy to reduce CVD risk.

Although long sleep duration has been found to have stronger
associations with CVDs than short sleep duration,16 it has long been
a debate whether long sleep duration is a risk to one’s health or is
simply a surrogate marker of risk. One of the key reasons is that
there is a lack of clear experimental evidence to support long sleep
duration as a harmful effect to cardiovascular system, especially in
healthy participants.13,14 On the other hand, long sleep duration is
closely associated with a number of risk factors of poor health status,
such as depression, antidepressant use, poor sleep quality, low socio-
economic status, unemployment, and sedentary lifestyles.9,17,37 The
current study has provided suggestive evidence that genetically pre-
dicted long sleep duration is unlikely to be causally associated with
the risks of CVDs. Since many aforementioned conditions can lead to
longer sleep, the association between long sleep duration and CVD
reported in observational studies may reflect a reverse causality or
residual confounding.38 Therefore, it is clinically advisable to look out
for underlying morbidities (e.g. depression and sleep apnea) rather
than a direct recommendation of reducing sleep duration for people
with long sleep duration.

Because of the limited number of SNPs associated with long
sleep duration, it may give rise to the concern of weak instrumental
variables. We have considered this concern in our analyses and
believe that the potentially weak instrumental variable is not likely to
influence our conclusions. First, it has been demonstrated that any
potential bias of weak instrumental variables in one-sample analysis
will be towards the direction of the observational association
between risk factor and outcome, rather than the null hypothesis.39

Second, in the case of a null causal effect, a higher F-statistic of SNP
exposure (i.e. >10) suggests less bias.39 In the present study, the
estimated F-statistic for long sleep duration was 294.7. Therefore,
the bias, if any, shall be very limited. Third, the causal estimates of
long sleep duration on most CVDs were largely consistent across
different MR methods when using either weighted allele scores20 or
summarized data.40

Strengths and limitations
Compared with previous observational studies,3,5,41 we used a MR
study design to assess the causal associations between genetically
predicted sleep duration and a wide range of CVDs in the same
cohort. This design could minimize the potential biases due to con-
founding and reverse causality in the observational studies. On the
other hand, the statistical power is relatively larger in the present
study than previous MR studies,20,22,23 benefiting from a larger sample
size and more genetic variants. Another strength is that we used a
nonlinear MR method to characterize the shape of causal associa-
tions between genetically predicted sleep duration and CVDs.
Consistent evidence between linear and nonlinear MR supports the
causal adverse effects of genetically predicted short sleep duration on
many CVDs.

Some limitations should be noted when interpreting our findings.
First, sleep duration was self-reported rather than objectively meas-
ured, such as by using polysomnography (PSG), but PSG is not usually
feasible in a large cohort study. Previous studies have suggested that
there is a moderate correlation between self-reported and objective
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.
measured sleep duration.42 In addition, habitual self-reported sleep
duration seems rather stable within adult individuals across time,10,43

which suggests that baseline sleep duration may represent a long-
term exposure to a certain extent. Second, the genetic variants were
associated with some confounders, such as body mass index,
Townsend deprivation index, and education level of each participant,
and might be affected by pleiotropy. However, the results were
broadly consistent with those of the main analyses after adjusting for
potential confounders. Third, the statistical powers of some out-
comes (e.g. haemorrhagic stroke and transient ischaemic attack) are
relatively low, which may raise the concern of false negatives. Fourth,
the one-sample design is easily influenced by weak instrument bias.
However, the F-statistic suggests a small magnitude of bias due to
sample overlap. Fifth, although there is a lack of external validation of
the GRS in the current study, a recent study with an independent
clinical cohort from the USA using the same set of 78 SNPs has
verified the association between the GRS and self-reported sleep
duration with an apparently larger variance of self-reported sleep
duration than UKB.19 Finally, the selection criteria of the UKB tended
to include relatively healthy participants aged 40–69 years at baseline,
and this may limit the generalizability of our findings.

Conclusions

In this study, both linear and nonlinear MR analyses suggest that
genetically predicted short sleep duration is associated with modest
increased risks of most CVDs. However, genetically predicted long
sleep duration is not associated with the risk of most CVDs.
Therefore, the extension of sleep may benefit cardiovascular health
for those people with sleep loss. For those people with long
sleep duration, reducing sleep duration per se is unlikely to improve
cardiovascular health.

Supplementary material

Supplementary material is available at European Heart Journal online.

Acknowledgements
This research has been conducted using the UKB Resource under
Project Number 58082. We would like to thank Mr Xiaoyu Wang,
Ms Shanshan Wang, and Ms Binbin Han from the Department of
Cardiology, Heart Center, The First Affiliated Hospital of Xinxiang
Medical University for their help in data acquisition and cleaning. We
would also like to express our great appreciation to Prof. Suhua
Chang from the Institute of Mental Health, Key Laboratory of Mental
Health and Peking University Sixth Hospital for her help in interpret-
ing results from MR analyses.

Funding
This work was supported by the National Natural Science Foundation of
China (grant nos. 81801315 and U1904159), the ‘Impact Postdoctoral
Fellowship Scheme of The Chinese University of Hong Kong’ (SZA), and
the start-up fund for excellent scholar from the Guangdong Provincial
People’s Hospital (HJZ).

Ethical approval
UKB has received ethical approval from the UK National Health Service’s
National Research Ethics Service (ref 11/NW/0382).

Data sharing
Individual-level data from the UK Biobank are not publicly available due
to their policy, but the data will be made available after the application of
UK Biobank (https://www.ukbiobank.ac.uk/).

Conflict of interest: Y.-K.W. reports personal fees from Delivering a
lecture—Eisai Co. Ltd and personal fees from Sponsorship from
Lundbeck HK Ltd, outside the submitted work. The other authors de-
clare that there is no conflict of interest.

References
1. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Sleep duration and all-cause

mortality: a systematic review and meta-analysis of prospective studies. Sleep
2010;33:585–592.

2. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Quantity and quality of sleep and
incidence of type 2 diabetes: a systematic review and meta-analysis. Diabetes Care
2010;33:414–420.

3. Cappuccio FP, Stranges S, Kandala NB, Miller MA, Taggart FM, Kumari M, Ferrie
JE, Shipley MJ, Brunner EJ, Marmot MG. Gender-specific associations of short
sleep duration with prevalent and incident hypertension: the Whitehall II Study.
Hypertension 2007;50:693–700.

4. Cappuccio FP, Taggart FM, Kandala NB, Currie A, Peile E, Stranges S, Miller MA.
Meta-analysis of short sleep duration and obesity in children and adults. Sleep
2008;31:619–626.

5. Cappuccio FP, Cooper D, D’elia L, Strazzullo P, Miller MA. Sleep duration
predicts cardiovascular outcomes: a systematic review and meta-analysis of
prospective studies. Eur Heart J 2011;32:1484–1492.

6. Yin J, Jin X, Shan Z, Li S, Huang H, Li P, Peng X, Peng Z, Yu K, Bao W, Yang W,
Chen X, Liu L. Relationship of sleep duration with all-cause mortality and
cardiovascular events: a systematic review and dose-response meta-analysis of
prospective cohort studies. J Am Heart Assoc 2017;6:e005947.

7. Wang D, Li W, Cui X, Meng Y, Zhou M, Xiao L, Ma J, Yi G, Chen W. Sleep dur-
ation and risk of coronary heart disease: a systematic review and meta-analysis
of prospective cohort studies. Int J Cardiol 2016;219:231–239.

8. Wang C, Bangdiwala SI, Rangarajan S, Lear SA, Alhabib KF, Mohan V, Teo K,
Poirier P, Tse LA, Liu Z, Rosengren A, Kumar R, Lopez-Jaramillo P, Yusoff K,
Monsef N, Krishnapillai V, Ismail N, Seron P, Dans AL, Kruger L, Yeates K, Leach
L, Yusuf R, Orlandini A, Wolyniec M, Bahonar A, Mohan I, Khatib R, Temizhan A,
Li W, Yusuf S. Association of estimated sleep duration and naps with mortality
and cardiovascular events: a study of 116 632 people from 21 countries. Eur
Heart J 2019;40:1620–1629.

9. Kwok CS, Kontopantelis E, Kuligowski G, Gray M, Muhyaldeen A, Gale CP, Peat
GM, Cleator J, Chew-Graham C, Loke YK, Mamas MA. Self-reported sleep dur-
ation and quality and cardiovascular disease and mortality: a dose-response
meta-analysis. J Am Heart Assoc 2018;7:e008552.

10. Zhang J, Ma RC, Kong AP, So WY, Li AM, Lam SP, Li SX, Yu MW, Ho CS, Chan
MH, Zhang B, Wing YK. Relationship of sleep quantity and quality with 24-hour
urinary catecholamines and salivary awakening cortisol in healthy middle-aged
adults. Sleep 2011;34:225–233.

11. Mullington JM, Haack M, Toth M, Serrador JM, Meier-Ewert HK. Cardiovascular,
inflammatory, and metabolic consequences of sleep deprivation. Prog Cardiovasc
Dis 2009;51:294–302.

12. Tobaldini E, Costantino G, Solbiati M, Cogliati C, Kara T, Nobili L, Montano N.
Sleep, sleep deprivation, autonomic nervous system and cardiovascular diseases.
Neurosci Biobehav Rev 2017;74:321–329.

13. Knutson KL, Turek FW. The U-shaped association between sleep and health: the
2 peaks do not mean the same thing. Sleep 2006;29:878–879.

14. Gangwisch JE, Heymsfield SB, Boden-Albala B, Buijs RM, Kreier F, Opler MG,
Pickering TG, Rundle AG, Zammit GK, Malaspina D. Sleep duration associated
with mortality in elderly, but not middle-aged, adults in a large US sample. Sleep
2008;31:1087–1096.

15. Linz D, Kadhim K, Kalman JM, Mcevoy RD, Sanders P. Sleep and cardiovascular
risk: how much is too much of a good thing? Eur Heart J 2019;40:1630–1632.

16. Watanabe N, Maki J, Itani O, Buysse D, Kaneita Y. Long sleep duration and health
outcomes: a systematic review, meta-analysis and meta-regression. Sleep Med Rev
2017;11:337–339.

17. Patel SR, Malhotra A, Gottlieb DJ, White DP, Hu FB. Correlates of long sleep
duration. Sleep 2006;29:881–889.

Sleep duration and risk of 12 cardiovascular diseases 3357
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/42/34/3349/6210684 by guest on 17 O
ctober 2023

https://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehab170#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.18. Stranges S, Dorn JM, Shipley MJ, Kandala NB, Trevisan M, Miller MA, Donahue
RP, Hovey KM, Ferrie JE, Marmot MG, Cappuccio FP. Correlates of short and
long sleep duration: a cross-cultural comparison between the United Kingdom
and the United States: the Whitehall II Study and the Western New York Health
Study. Am J Epidemiol 2008;168:1353–1364.

19. Dashti HS, Redline S, Saxena R. Polygenic risk score identifies associations be-
tween sleep duration and diseases determined from an electronic medical record
biobank. Sleep 2019;42:zsy247.

20. Daghlas I, Dashti HS, Lane J, Aragam KG, Rutter MK, Saxena R, Vetter C. Sleep
duration and myocardial infarction. J Am Coll Cardiol 2019;74:1304–1314.

21. Van Oort S, Beulens JWJ, Van Ballegooijen AJ, Handoko ML, Larsson SC.
Modifiable lifestyle factors and heart failure: a Mendelian randomization study.
Am Heart J 2020;227:64–73.

22. Liao LZ, Li WD, Liu Y, Li JP, Zhuang XD, Liao XX. Causal assessment of sleep
on coronary heart disease. Sleep Med 2020;67:232–236.

23. Zhuang Z, Gao M, Yang R, Li N, Liu Z, Cao W, Huang T. Association of physical
activity, sedentary behaviours and sleep duration with cardiovascular diseases
and lipid profiles: a Mendelian randomization analysis. Lipids Health Dis 2020;19:
86.

24. Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P, Elliott P,
Green J, Landray M, Liu B, Matthews P, Ong G, Pell J, Silman A, Young A,
Sprosen T, Peakman T, Collins R. UK Biobank: an open access resource for iden-
tifying the causes of a wide range of complex diseases of middle and old age.
PLoS Med 2015;12:e1001779.

25. Dashti HS, Jones SE, Wood AR, Lane JM, Van Hees VT, Wang H, Rhodes JA,
Song Y, Patel K, Anderson SG, Beaumont RN, Bechtold DA, Bowden J, Cade BE,
Garaulet M, Kyle SD, Little MA, Loudon AS, Luik AI, Scheer FJL, Spiegelhalder K,
Tyrrell J, Gottlieb DJ, Tiemeier H, Ray DW, Purcell SM, Frayling TM, Redline S,
Lawlor DA, Rutter MK, Weedon MN, Saxena R. Genome-wide association study
identifies genetic loci for self-reported habitual sleep duration supported by
accelerometer-derived estimates. Nat Commun 2019;10:1100.

26. Burgess S, Labrecque JA. Mendelian randomization with a binary exposure vari-
able: interpretation and presentation of causal estimates. Eur J Epidemiol 2018;33:
947–952.

27. Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression. Int J
Epidemiol 2015;44:512–525.

28. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
Mendelian randomization with some invalid instruments using a weighted median
estimator. Genet Epidemiol 2016;40:304–314.

29. Bowden J, Spiller W, Del Greco MF, Sheehan N, Thompson J, Minelli C, Davey
Smith G. Improving the visualization, interpretation and analysis of two-sample
summary data Mendelian randomization via the Radial plot and Radial regression.
Int J Epidemiol 2018;47:1264–1278.

30. Staley JR, Burgess S. Semiparametric methods for estimation of a nonlinear
exposure-outcome relationship using instrumental variables with application to
Mendelian randomization. Genet Epidemiol 2017;41:341–352.

31. Gao X, Yang XC, Meng LX, Sun HL, Wang T. Causal relationship between sleep
and coronary artery disease: a Mendelian randomization study. Zhonghua Liu Xing
Bing Xue Za Zhi 2020;41:611–614.

32. Larsson SC, Markus HS. Genetic liability to insomnia and cardiovascular disease
risk. Circulation 2019;140:796–798.

33. Cincin A, Sari I, O�guz M, Sert S, Bozbay M, Ataş H, Ozben B, Tigen K, Basaran Y.
Effect of acute sleep deprivation on heart rate recovery in healthy young adults.
Sleep Breath 2015;19:631–636.

34. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and
endocrine function. Lancet 1999;354:1435–1439.

35. Stock AA, Lee S, Nahmod NG, Chang AM. Effects of sleep extension on sleep dur-
ation, sleepiness, and blood pressure in college students. Sleep Health 2020;6:32–39.

36. Haack M, Serrador J, Cohen D, Simpson N, Meier-Ewert H, Mullington JM.
Increasing sleep duration to lower beat-to-beat blood pressure: a pilot study. J
Sleep Res 2013;22:295–304.

37. Stamatakis KA, Punjabi NM. Long sleep duration: a risk to health or a marker of
risk? Sleep Med Rev 2007;11:337–339.

38. Boal AH, Gill JMR, Sattar N. Shorter sleep: a new potential target to address car-
diovascular and metabolic risk? Cardiovasc Res 2020;116:1407–1409.

39. Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-
sample Mendelian randomization. Genet Epidemiol 2016;40:597–608.

40. Burgess S, Dudbridge F, Thompson SG. Combining information on multiple in-
strumental variables in Mendelian randomization: comparison of allele score and
summarized data methods. Stat Med 2016;35:1880–1906.

41. Strand LB, Tsai MK, Gunnell D, Janszky I, Wen CP, Chang SS. Self-reported sleep
duration and coronary heart disease mortality: a large cohort study of 400,000
Taiwanese adults. Int J Cardiol 2016;207:246–251.

42. Lauderdale DS, Knutson KL, Yan LL, Liu K, Rathouz PJ. Self-reported and meas-
ured sleep duration: how similar are they? Epidemiology 2008;19:838–845.

43. Strain T, Wijndaele K, Dempsey PC, Sharp SJ, Pearce M, Jeon J, Lindsay T,
Wareham N, Brage S. Wearable-device-measured physical activity and future
health risk. Nat Med 2020;26:1385–1391.

Translational perspective
This study employed both linear and nonlinear Mendelian randomization (MR) analyses to estimate the associations between genetically
predicted sleep duration and a series of cardiovascular diseases (CVDs). The MR results suggested that genetically predicted short sleep
duration is potentially causally associated with increased risks of several CVDs, including arterial hypertension, pulmonary embolism,
coronary artery disease, myocardial infarction, and chronic ischaemic heart disease. These results have suggested that increasing sleep
duration among short sleepers shall serve as a preventive strategy to reduce CVD risk. However, genetically predicted long sleep dur-
ation is unlikely to be a potential causal risk factor for most CVDs. These findings suggest that simply reducing sleep per se is not likely
to improve cardiovascular health in people with long sleep duration.
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