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Abstract

Sleep occurs universally and is a biological necessity for human functioning. The consequences of diminished sleep
quality impact physical and physiological systems such as neurological, cardiovascular, and metabolic processes. In fact,
people impacted by common complex diseases experience a wide range of sleep disturbances. It is challenging to uncover
the underlying molecular mechanisms responsible for decreased sleep quality in many disease systems owing to the

lack of suitable sleep biomarkers. However, the discovery of a genetic component to sleep patterns has opened a new
opportunity to examine and understand the involvement of sleep in many disease states. It is now possible to use major
genomic resources and technologies to uncover genetic contributions to many common diseases. Large scale prospective
studies such as the genome wide association studies (GWAS) have successfully revealed many robust genetic signals
associated with sleep-related traits. With the discovery of these genetic variants, a major objective of the community has
been to investigate whether sleep-related traits are associated with disease pathogenesis and other health complications.
Mendelian Randomization (MR) represents an analytical method that leverages genetic loci as proxy indicators to establish
causal effect between sleep traits and disease outcomes. Given such variants are randomly inherited at birth, confounding
bias is eliminated with MR analysis, thus demonstrating evidence of causal relationships that can be used for drug
development and to prioritize clinical trials. In this review, we outline the results of MR analyses performed to date on sleep
traits in relation to a multitude of common complex diseases.
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Introduction in some form in all animals ranging from jelly fish to humans
[1]. It is well established that good sleep quality is essential for
proper cognitive, as well as physical, performance. Architecture,
continuity, timing, regularity, and satisfaction all determine

Sleep is one of the most fundamental biological processes, es-
pecially as it is so evolutionarily conserved. It is known to occur
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the quality of sleep. Each of these measurable dimensions rep-
resents different sleep phenotypes and can be categorized as
short or long sleep duration, chronotype or morningness, in-
somnia, hypersomnia, sleep efficiency, sleep apnea, etc [2]..

The molecular mechanisms of sleep are far from being
fully understood, but clues are provided by disturbances
and abnormalities in sleep that are routinely witnessed in
various neurological, metabolic, and cardiovascular disorders.
Principally due to a lack of reliable biomarkers, the sleep field
has not been well explored. Electroencephalogram (EEG) ana-
lysis has traditionally been the only way to determine sleep
abnormalities but has proven cumbersome. However, recent
advances in technology involving motion tracking via video
and breathing rate monitoring have enabled screening for
causal factors, making it easier to explore mechanisms in-
volved in sleep regulation. Furthermore, several molecular
factors, including transcription factors, ion channels, and kin-
ases, have been shown to modulate sleep. In addition, genetic
alterations related to these factors are known to drive specific
sleep abnormalities [3].

Lack of good quality sleep is associated with several diseases.
Whether the lack of sleep causes health comorbidities or im-
paired physiological systems lead to sleep disturbances is still
under investigation. Identification of genetic variants associated
with various health outcomes, including sleep traits, through
large scale genome wide association studies (GWAS) has greatly
assisted in this investigation. The last 15 years have seen major
progress in genetic discovery, largely due to the contribution
of GWAS in many health settings including sleep. Sleep GWAS
has enabled the detection of numerous genetic variants associ-
ated with several diseases and health traits. In turn, Mendelian
Randomization (MR) analyses utilize these genetic variants
identified by sleep GWAS to determine causality in the context
of various health outcomes.

This review will first highlight the role of sleep GWAS in
identifying critical genetic variants associated with sleep traits,
and the subsequent importance of MR studies in utilizing these
variants to assess causality between sleep phenotypes and
health outcomes. Next, we will bring together and illustrate
the many causal relations identified by MR analyses between
sleep traits and various health/disease outcomes that can in-
form clinical or public health decision making. These findings
can also empower clinical trials and drug development for dis-
ease outcomes.

GWAS

The primary goal of epidemiological studies is to identify the
root cause of disease. Several such studies have identified ro-
bust associations between modifiable exposures (behavioral,
pharmacological, or physiological) and disease risk. Several
large-scale open-access prospective epidemiologic studies have
leveraged biobanks from the United Kingdom [4], China [5], and
the HUNT study [6] that have collected extensive phenotypic
and genotypic information from its participants through ques-
tionnaires, physical measures, sample assays, etc., for a wide
range of health-related outcomes.

GWAS take advantage of these biobanks and other pro-
spective studies conducted in large cohorts of individuals, re-
cruit their participants to identify the association between a

phenotype and genotype. GWAS typically scans the genome of
the participants to identify genetic variants and the frequency
of their occurrence between individuals who share similar an-
cestry but are phenotypically different [7, 8] (Figure 1). By doing
so, GWAS has successfully identified many associations between
genetic variation (principally single nucleotide polymorphisms
[SNPs]) and a given phenotype of interest. GWAS signals are con-
sidered significantly associated with the phenotype of interest
when the observed p-value is less than 5 x 10-® [9]. Utilizing the
data from all sources, GWAS has identified in excess of 300 000
SNP-trait associations to date.

In the context of sleep, GWAS efforts have typically investi-
gated genetic variants associated with definitions of chronotype,
sleep duration, and sleep efficiency, along with sleep disorders
such as restless leg syndrome (RLS), narcolepsy, and insomnia.
These traits and disorders were either self-reported or object-
ively estimated through devices such as accelerometers. Some
of the notable GWAS efforts in the field of sleep are discussed
below and summarized in Table 1.

The first successful GWAS milestone was marked in sleep
field when two independent studies identified genetic variants
associated with RLS, a common neurological disorder causing
sleep disruption which presents itself as an irresistible urge to
move one’s legs in response to uncomfortable sensations [10, 11].
The first study revealed a robust association with rs3923809 em-
bedded within the BTBD9 gene (function unknown) in Icelandic
and American populations for this trait [10]. The second study
performed in European ancestry identified the same association
along with two others (at MEIS1 and within a region harboring
both MAP2K5 and LBXCOR1) associated with RLS [11]. A recent
GWAS leveraged data from four cohorts (MrOS, the Wisconsin
Sleep Cohort Study, HypnoLaus, and MESA) and identified vari-
ants at the MEIS1 and the BTBD9 loci that were significantly as-
sociated with periodic leg movement syndrome (PLMS), which
is a more commonly occurring sleep disorder than RLS [15].
Several meta-analyses performed on more recent GWAS ef-
forts utilizing independent datasets confirmed the previously
identified risk variants for RLS [13]. In addition, three novel
variants were reported at RANBP17, MICALL2 and at a locus
on 11p15.4, bringing the total to 23 risk variants [13]. Of these,
MEIS1 remains to be the strongest associated locus for RLS [12].
Interestingly, MEIS1 plays an important role in brain iron me-
tabolism. Furthermore, MEIS1 expression has been observed to
inversely associate with iron levels. In fact, unpublished data
from a review reported elevated levels of MEIS1 protein in pa-
tients with RLS who were reported to also present with low iron
reserves [26]. There is a growing body of evidence linking defi-
ciency in brain iron deficiency and RLS. Iron plays an important
role in many neurotransmitter systems, and depleted iron re-
serves can alter various neurotransmitter functions, which dir-
ectly or indirectly leads to the symptoms associated with RLS
[27]. Two novel risk loci, at CCDC141 and VSTMZ2L, were found
to significantly associate with RLS in people suffering from mi-
graines. This association was indeed confirmed through func-
tional validation efforts indicating that the pathophysiology of
RLS is different in people suffering with migraines [14]. A recent
reassessment of all reported associations in a large case-control
GWAS dataset (17 220 individuals of European descent) revealed
that 4 out of 43 variants yielded association with RLS but failed
to reach the genome wide significance threshold [28]. This re-
assessment emphasizes the requirement of large sample sizes
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Figure 1. Overview of identification of causal associations using the Mendelian Randomization approach. 1. Population of similar ancestry but mixed phenotypes are
considered for genotyping. 2. All participants are genotyped using different techniques to identify genomic regions likely to be associated with a given phenotype.
3. Statistical association tests and meta-analyses are used to identify novel causal genetic variants (single nucleotide polymorphisms — SNPs). 4. SNPs that pass the
rigid thresholds for each trait are considered statistically significant and are utilized as genetic instruments for subsequent analyses. 5. By virtue of their random allo-
cation, such genetic variants are utilized by Mendelian Randomization analyses to identify causal associations between any modifiable exposure (e.g. sleep duration)

and outcome (risk for common complex disease).

and stringent significance thresholds in order to identify new
candidate genes.

Narcolepsy is characterized by excessive daytime sleepiness,
cataplexy, and sleep paralysis. The pathogenesis of narcolepsy
involves a malfunctioning hypocretin system [29]. The disorder
has a strong genetic association with “Human Leukocyte Allele
(HLA)” subtypes, likely suggesting an autoimmune component
for the disorder [30]. The HLA association is observed in >98% of
people with narcolepsy and across multiple ethnicities [30-36].
However, the presence of non-HLA positive narcoleptics impli-
cates the role of other genes elsewhere in the human genome.
A key GWAS identified a non-HLA associated variant located
between CHKB and CPT1B significantly associated with narco-
lepsy in two independent Japanese cohorts. This association
was subsequently observed in Koreans but not in Europeans or
African Americans [16]. Another narcolepsy GWAS conducted
in a cohort of mixed European descent identified a variant
in T cell receptor alpha (TCRA) locus significantly associating
with cataplexy [17]. This association went on to be replicated
in both Europeans and Asians but not African Americans. The
association of the variant in TCRA with narcolepsy was con-
firmed in two independent GWAS efforts utilizing data from
European [18] and Chinese [19] participants. These studies have

implicated additional risk loci (non-HLA) for narcolepsy - at
CTSH, TNFSF4 [18]; P2RY11, TCRB, IL10RB-INFAR1, and ZNF365
[19]. Reassessment of the variants shortlisted by the first nar-
colepsy GWAS in a larger population with narcolepsy identified
a variant near TEAD4 significantly associated with the age of
onset of cataplexy [20]. A novel variant within EIF3G, identified
through transethnic mapping, may be a better marker for nar-
colepsy as this variant yielded a strong association signal and
was found to be in high LD with the previously identified narco-
lepsy variant in P2YR11 in European and Chinese cohorts, but is
in low LD in African American cohorts [21].

The first GWAS on sleep duration was performed on 749 par-
ticipants and identified only one association signal that did not
reach genome wide significance [37]. Subsequent GWAS efforts
with self-reported sleep duration have identified several sug-
gestive variants but none reaching strict genome wide signifi-
cance. The first notable GWAS on sleep duration was performed
in 2016 by leveraging UK Biobank data and including >100 000
participants, identifying three significant variants across PAX8
and VRK2 [22]. The same GWAS identified 16 variants associ-
ated with chronotype or morningness; 15 of these 16 variants
were previously identified in a GWAS utilizing the 23andME co-
hort consisting of 89 283 participants [38]. 11 of these variants
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Table 1. Summary of variants identified by notable GWAS on various sleep traits

No. of cases/no. of Significant Odds
Sleep trait Sample Cohort controls variant (SNP) Associated gene  ratio P Reference
Restless leg Icelandic American  429/16 866 1rs3923809 BTBD9 1.7¢ 3 x 1071 [10]
syndrome 188/662 1.5 0.004
European 400/1600 rs3923809 BTBD9 0.58 0.024" [11]
152300478 MEIS1 1.74* 8.08 x 102t
156494696 MAP2K5 and 1.52* 4.74 x 10711t
LBXCOR1
Mixed European 15 126/95 725 15113851554 MEIS1 1.92* 2 x 107280t [12]
Caucasian 10 257/470 725 1510068599 RANBP17 1.09 6.9 x 101 [13]
15112716420 MICALL2 1.25 1.5 x 1078
1510769894 11p15.4 0.9 9.4 x 107
Asian 264/1383 (with mi- 1579823654 CCDC141 2.1 5.81 x 10°°t [14]
graine) 156021854 VSTM2L 1,84* 4.63 x 107t
1053 (normal with no
migraine or RLS)
Periodic limb American 6843 15113851554 MEIS1 N/A 3.51 x 1072 [15]
movements 1s9369062 BTBD9 N/A 3.06 x 102
(PLMS)
Narcolepsy Japanese 222/389 1s5770917 CPT1B or CHKB 1.74 1.4 x 10 [16]
Korean 159/190 1.97 5.2 x10*
European 115/309 1.4 0.03
African American 388/397 1.33 0.12
86/98 1.86 0.14
Mixed European 807/1074 151154155 TCRA 1.87 1.9 x 1073t [17]
Caucasian 363/355 1.8 3.67 x 10~
Asian (Japanese + 433/433 + 1.54 2.3 x107
Koreans) 128/172 1.31 0.39
African American 133/144
European 1886/10 421 151154155 TCRA 1.72 8.87 x 10-*° [18]
1534593439 CTSH 1.34 1.78 x 1078
157553711 TNFSF4 1.33 4.08 x 10®
Chinese 1189/1997 151154155 TCRA 1.64* 5.02 x 10% [19]
151551570 P2RY11 0.76* 3.77 x 1071
152854536 TCRB 0.78* 3.87 x 10°®
152834188 IL10RB-INFAR1 0.77* 1.95 x 108
1510995245 ZNF365 1.23* 1.24 x 10
Mixed European 1099 1512425451 TEAD4 N/A 1.9 x 107 [20]
European 807/1074 153826784 EIF3G 0.77 1x10* [21]
Chinese 1078/1903 0.77 1.47 x 10
African American 249/1048 0.87 0.19
Sleep duration UK Biobank 127 573 rs62158211 PAX8 0.94 4x10°° [22]
rs17190618 VRK2 0.96 0.001
151380703 VRK2 1.06 0.01
UK biobank 111 975 1562158211 PAX8 0.039 472 x 104 [23]
23andMe
Excessive day- UK biobank 111 648 1573536079 AR/OPHN1 0.634 3.94 x 108 [23]
time sleepi- 23andMe ROBO1* 0.099 3.33x 10
ness TMEM132BS§ 0.106 9.06 x 10°
Insomnia UK biobank 31767/26 935 15113851554 MEIS1 1.26 9.11 x 10 [23]
23andMe 15145258459 TMEM132E 1.23 2.13 x 10°¢
155922858 CYCL1 112 1.28 x 108
1513192566 WDR27' 1.14 3.17 x 108
153792900 TGFBI 1.10 2.16 x 10°®
Snoring UK Biobank 152 000/256 000 rs592333 DLEU7 N/A 1x 10V [24]
Obstructive FinnGen study 16 761 159937053 FTO 111 4.3 x 107 [25]
Sleep Apnea 1510507084 RMST/NEDD1 111 2.8 x 1071t
(0sA) 15185932673 CAMK1D 1.12% 9.7 x 10-1o¥
154837016 GAPVD1 1.87 2.4 %108
rs10928560 CXCR4 0.93 1.5 x 108
0.92 2.8 x 108

* Odds ratio combined (different groups/stages).
1 p Value after correcting for multiple testing.

# Significant after adjusting for depression.
§ Significant after adjusting for BMI.

! Significant only in men after adjusting for sex.
1 Significant only in women after adjusting for sex.

#Values after adjusting for BMI.



reached genome wide significance. This same study also iden-
tified 9 additional variants from the 23andMe cohort associated
with chronotype. More recent GWAS efforts with sleep duration
have leveraged UK Biobank data derived from approximately
half a million participants [23, 39, 40] and identified multiple
novel genetic loci. Several of these sleep duration loci over-
lapped with other sleep phenotypes such as snoring, napping,
excessive daytime sleepiness, and insomnia [9].

In 2017, the Saxena group performed a GWAS for several
sleep traits including sleep duration, chronotype, excessive
daytime sleepiness, and insomnia. This represented the first
GWAS to seek loci associated with insomnia and excessive day-
time sleepiness [23]. This study identified 3 variants (in MEISI,
TMEM132E, CYCL1) associated with insomnia and confirmed
the previously reported association between self-reported
sleep duration and the variant at the PAX8 locus. This study
also reported two sex-specific insomnia signals near WDR27
(male specific) and TGFBI (female specific) that independently
associated with type 1 diabetes and achieved genome wide
significance through sex-stratified secondary analysis. In add-
ition, this study identified a variant in AR/OPHN1 significantly
associated with daytime sleepiness. Variants at ROBO1 and
TMEM132B also achieved genome wide significance (with day-
time sleepiness) through secondary analysis after adjusting
for depression and BMI respectively (Table 1) [23]. The asso-
ciation between insomnia and the MEIS1 locus was further
confirmed by yet another GWAS analysis utilizing the dataset
from the UK Biobank [41]. The largest GWAS in the sleep field
to date was performed by the Posthuma group on insomnia
in 1 331 010 participants (approximately one quarter of parti-
cipants from the UK Biobank [4] and three quarters from the
biotechnology company 23andMe [42, 43]), identifying 202 gen-
etic loci [40].

Several newer GWAS efforts have investigated variants
that are significantly associated with other sleep traits such
as snoring and obstructive sleep apnea (OSA). Analysis of
408 317 participants in the UK Biobank identified 41 loci for
snoring of which the DLEU7 locus exhibited the strongest as-
sociation [24]. To identify genetic associations with OSA, the
FinnGen database was leveraged and revealed 5 variants in
FTO, RMST/NEDD1, CAMK1D, GAPVD1, and CXCR4, respect-
ively [25]. Four out of the five variants (FTO, CAMK1D, GAPVDI1,
and CXCR4) were previously associated with BMI indicating a
BMI-dependent OSA association for these variants [44]. The
association of RMST/NEDD1 locus with OSA remained sig-
nificant before and after adjusting for BMI indicating a BMI-
independent OSA association [25].

The public availability of GWAS datasets has accelerated
evaluation of putative causal relationships between genetic loci
and health outcomes [45]. The majority of loci for sleep traits
other than RLS, narcolepsy, and insomnia were identified in a
mixed European population participating in the UK Biobank.
The data collected by the UK Biobank effort was gathered
through mostly self-assessment questionnaires. Although the
sample sizes of the UK Biobank are large, a lack of replication
of these loci in other ethnic communities clearly represents a
drawback. But the associations identified by GWAS can be used
to elucidate if given sleep traits/disturbances have a causal role
in disease pathogenesis.

Despite the use of strong statistical measures, linear/logistic
regression analysis used in epidemiologic studies cannot justify
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the causal association nor estimate the directionality of the as-
sociation (if present). Moreover, the factors that influence either
the sleep traits/disturbances or the disease risk or both (con-
founding factors) make validating a causal association more
complicated.

Genetic variation represents an unbiased opportunity to con-
firm an association between an exposure and risk of disease as
they occur naturally during meiosis. MR is a powerful technique
that can use these variations as unbiased instruments to define
causal associations between sleep traits/disturbances and other
health comorbidities.

MR

MR leverages genetic variants that occur naturally as “instru-
ments” to elucidate if an “exposure”, such as insomnia, is re-
sponsible for a disease risk or “outcome” such as cardiovascular
complications; and when widely prevalent within a population,
these variants can reveal the causal nature of the association
between exposure (e.g. insomnia) and the outcome (e.g. car-
diovascular complications) [46, 47] (Figure 1). MR is a technique
derived from Mendel’s second law of inheritance or the “law of
random assortment” that addresses the inheritance of a given
trait (phenotype/risk for disease) and the independence of the
inheritance of additional traits and is based on these assump-
tions: (1) the genetic variants identified are significantly associ-
ated with exposure and outcome (p < 5 x 10-¥); (2) they are not
associated with any confounding factors (factors other than the
exposure that have a known association with the outcome); and
(3) they must be associated with the phenotype (outcome) of
interest exclusively via the exposure being investigated [48].
MR can reveal the impact of modifiable exposures on dis-
ease pathogenesis, representing a clear advance over what ob-
servational epidemiology could offer in the past. For example,
preclinical [49], clinical [50, 51], and observational studies [52]
indicate a correlation of sleep disorders with IBD. However, a
causal link between these two traits has not been established.
An MR analysis by Chen et al. attempted to determine the caus-
ality between differential sleep traits and IBD pathogenesis,
serving as an example of how a two-sample MR can determine
causality between these two trait areas [53] (Figure 2). For sleep
traits, GWAS summary statistics from the UK biobank (n = 452
071) and 23andME (n = 541 333) consortia were utilized. For IBD,
the data was obtained from GWAS study from the IBD Genetics
Consortium (n = 34 652). The genetic variants utilized for MR
were significantly associated with the sleep traits at the genome
wide level (p < 5 x 10°%) (satisfying the assumption that variants
should be significantly associated with exposure). Variants that
are not in close linkage disequilibrium (LD) with other SNPs as-
sociated with outcome were selected for further analysis, thus
eliminating confounding factors and satisfying assumption
2. The inverse-variance weighted (IVW) method was used as
the primary mode of analysis to determine causality through
estimating beta coefficient (8) from the SNP-outcome and SNP-
exposure association estimates [54]. Bis transformed into Odds
Ratio (OR), which when >1.0 indicates a strong association be-
tween exposure and outcome. While estimates calculated
through IVW have the highest precision, sensitivity analyses
are often carried out to confirm the result. The robustness of
this method was tested using weighted median (WM) method
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Figure 2. This flow chartillustrates a two sample MR analysis performed by Chen
et al. to determine the causality between differential sleep traits and IBD patho-
genesis. Three MR approaches were used to determine causality whose slopes
are illustrated in the graph: 1. Inverse variance weighted method, 2. Weighted
median method, 3. MR-Egger method. If all three methods yielded a similar es-
timate (with slope > 1.0), the association between the two traits maybe causal.

which generates a similar estimate if at least 50% of the esti-
mated weight is through valid variants. MR-Egger analysis was
employed to detect and correct for any pleiotropy [55]. If all the
three methods produced a similar estimate (if slopes are similar,
and significantly higher than 1 in all cases), the relationship be-
tween the two traits is most likely causal. In this study, all 3 ana-
lyses showed that none of differential sleep traits had causal
effect on the pathogenesis of IBD (Figure 2).

Initial MR analyses utilized randomly allocated genetic vari-
ants in one sample cohort to assess the impact of an exposure
on disease pathogenesis (outcome) in the same sample cohort;
however, it is challenging to identify a single population with
both variant-exposure and variant-outcome associations [56].
Two sample MR on the other hand, utilizes the variant-exposure

and variant-outcome associations from two different sample
cohorts, increasing the sample size and hence power of the
analysis. Public availability of GWAS data has made two sample
MR a more reliable approach. Other types of MR can deter-
mine causality in more complex settings involving multiple
variants and associations. Bidirectional MR analyses can aid
in estimating the direction of a causal effect by using genetic
variation robustly associated with exposure and outcome (from
separate GWAS efforts) [57]. Factorial MR analysis can determine
the combined causal effects of two or more variants responsible
for a single disease [58], while multivariable MR analysis con-
siders the variant’s pleiotropic effects on other outcomes before
estimating causality.

A rapid rise in current GWAS efforts enabled a more reli-
able SNP heritability score and increased the reliability of the
outcome of subsequent MR analyses. Given the availability of
various web-based analytical platforms including MR-Base [45]
and LD hub [59], it is now possible to assess all pairwise rela-
tionships to deliver leads that can be subsequently followed up
in functional pursuits to provide insight into previously known/
unknown potential causal relationships between exposures
(sleep phenotypes) and key disease presentations.

MR of Sleep and Common Complex Disease

Over the previous decades, classical epidemiological studies de-
termined multiple environmental and genetic factors contrib-
uting to the pathogenesis of neurodegenerative, metabolic, and
cardiovascular diseases among many others. Leveraging high-
dimensional molecular datasets can facilitate development of
mechanistic insight into associations between environmental
and genetic variants and complex disease traits. For example,
a GWAS analysis in 446 118 participants from the UK Biobank
identified 78 loci robustly associated with self-reported sleep
duration. Genetic correlation analysis of these loci revealed
associations with various traits including cardiovascular and
metabolic traits [39]. Based on the polygenic risk score derived
from these loci, MR analysis identified a significant association
between sleep duration and multiple diseases, such as con-
gestive heart failure, obesity, hypertension, RLS, and insomnia
[60]. MR analyses can therefore provide a means to assess these
associations for causality and shed light on potential protective
pathways. Some of the major MR findings in the field of sleep
determining the causal associations between various sleep
phenotypes and health (disease) outcomes are discussed below
and summarized in Table 2.

MR of sleep and neurodegenerative disease

Neurodegenerative diseases consist of a varied set of conditions,
with progressive degeneration of various nerve cells leading to
the dysfunction of several motor and mental systems. The onset
of these diseases is driven by a combination by both environ-
mental and genetic risk factors. Neurodegenerative diseases
are characterized by symptoms such as tremor, imbalance, im-
paired cognition and sleep disturbances. Sleep disturbances in
form of sleep/wake alterations, insomnia, hypersomnia, sleep
apnea, RLS etc. occur in as much as 60% of the population suf-
fering from any neurodegenerative disease [102].

Studies have identified that sleep disturbances manifest
very early for these traits, even before the main symptoms of
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Table 2. Summary of findings of MR analyses performed to determine causality between various sleep traits (exposures) and disease outcomes

Disease outcome Sleep exposure MR model Interpretation Reference
Sleep and neurodegenerative diseases
Cognition Sleep duration One and two sample Positive association between short sleep dur- [61]
MR ation and cognitive decline
Risk for Alzheimer’s dis- Sleep duration Two sample MR No causal association determined [61]
ease Sleep traits Two sample MR No causal association determined [62]
Sleep disturbances Bidirectional two- AD had a causal effect on sleep disturbances, [63]
sample MR but sleep disturbances were not causal to AD
Parkinson’s disease Sleep traits Two sample MR No causal association determined [64]
Neurodegenerative dis- Sleep/wake patterns ~ Two sample MR Chronotype was inversely associated with [60]
ease risk Parkinson’s age of onset
Sleep efficiency was associated with decreased
AD risk
Daytime sleepiness was associated with in-
creased ALS risk
Amyotrophic Lateral Sleep disturbances Two sample MR Daytime sleepiness was associated with in- [65]
Sclerosis (ALS) creased ALS risk
Pain Sleep disturbances Bidirectional two- Chronic pain had a causal effect on sleep dis- [66]
sample MR turbances, but sleep disturbances were not
causal for pain
Insomnia Bidirectional two- Causal association between insomnia and pain [67]
sample MR was determined in both directions
MR of sleep and psychiatric disorders
Depression Sleep duration Two sample MR Sleep duration was associated with decreased [68]
risk of depression
Daytime napping Two sample MR Daytime napping was associated with increased  [68]
risk of depression
Chronotype Two sample MR Chronotype was associated with decreased risk [69]
of depression
Insomnia Bidirectional Causal association between insomnia and [70]
multivariable MR depression was determined in both directions
Insomnia Bidirectional MR Causal association between insomnia and [71]
depression was determined in both directions
Schizophrenia Insomnia Bidirectional MR No causal association determined in either [72]
direction
Chronotype Two sample MR No causal association determined [73]
Sleep duration Bidirectional two- Long sleep duration is associated with patho- [39]
sample MR genesis of schizophrenia
Bipolar disorder Insomnia Bidirectional MR Insomnia had a causal effect on bipolar dis- [72]
order, but bipolar disorder was not causal for
insomnia
Autism Spectrum Dis- Insomnia Bidirectional MR Insomnia had a causal effect on ASD, but ASD [72]
order (ASD) was not causal for insomnia
MR of sleep and cardiometabolic disease
Adiposity Insomnia Two sample MR Insomnia had a causal effect on increased [74]
measure of adiposity
increased waist circum- Daytime napping Two sample MR Daytime napping had a causal association with [74]
ference increased waist circumference
BMI (adult) Sleep duration Two sample MR Long sleep duration had a causal association [75]
with increased adult BMI
Sleep duration Two sample MR Long sleep duration had a causal association [76]
with increased adult BMI
Chronotype Two sample MR No causal association determined [77]
Daytime napping Two sample MR No causal association determined [78]
Snoring Multivariable MR Causal association between high BMI and [24]
snoring was identified
BMI(Children) Sleep duration Two sample MR Long sleep duration had a causal association [79]
with decreased BMI in children (2-10 years)
Atrial fibrillation Obstructive sleep Two sample MR OSA had a causal association with increased [80]
apnea (OSA) risk of atrial fibrillation
Obstructive sleep Bidirectional MR OSA had a causal effect on atrial fibrillation, but ~ [81]
apnea (OSA) atrial fibrillation was not causal for OSA
Type 2 Diabetes (T2D) Insomnia Univariable/ Insomnia had a causal association with T2D [82]
Multivariable MR
Insomnia Two sample MR Insomnia had a causal association with T2D [83]
Sleep duration Two sample MR No causal association determined [84]
Chronotype Two sample MR No causal association determined [77]
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Table 2. Continued

Disease outcome Sleep exposure MR model Interpretation Reference
Myocardial infarction (MI)  Sleep duration Two sample MR Short sleep duration was causally associated [85]
with MI
Heart failure Sleep duration Two sample MR Longer sleep duration was causally associated [86]
with decreased risk for heart failure.
Cardiovascular diseases Sleep duration Two sample MR Short sleep duration was causally associated [87]
(CVDs) with increased risk of CVDs
Insomnia Two sample MR Insomnia was causally associated with nine [88]
CVD traits
Insomnia Two sample MR Insomnia was causally associated with overall [89]
CVD risk
Stroke Insomnia Two sample MR Insomnia was causally associated with in- [90]
creased risk for Stroke
Sleep duration Two sample MR No causal association determined [91]
Hypertension Insomnia Two sample MR Insomnia was causally associated with in- [92]
creased risk for hypertension
Sleep duration Two sample MR Longer sleep duration was causally associated [92]
with decreased risk for hypertension
MR of sleep and cancer
Breast cancer Chronotype One and two sample Chronotype was causally associated with de- [93]
MR creased risk for breast cancer
Obstructive sleep Two sample MR OSA was causally associated with increased [94]
apnea (OSA) risk for breast cancer
Prostate cancer Chronotype Univariable/ Chronotype was causally associated with de- [95]
Multivariable MR creased risk for prostate cancer
Lung cancer Insomnia Two sample/ Insomnia was causally associated with in- [96]
Multivariable MR creased risk for lung cancer
Insomnia Two sample MR Insomnia was causally associated with in- [97]
creased risk for lung cancer
Insomnia Two sample MR Insomnia was causally associated with in- [98]
creased risk for lung cancer
MR of sleep and other health outcomes
Peptic ulcer Insomnia Bidirectional MR Insomnia was causally associated with in- [99]
creased risk for peptic ulcer
Osteoarthritis Insomnia Univariable/ Insomnia was causally associated with in- [100]
Multivariable MR creased risk for osteoarthritis
Sleep duration Univariable/ Short sleep duration was causally associated [100]
Multivariable MR with increased risk for osteoarthritis
Chronic kidney disease Sleep duration Two sample MR Long sleep duration was causally associated [101]

with increased risk for chronic kidney dis-
ease”

*Identified only in individuals with diabetes.

the underlying disease [103]. Sleep disturbances can perturb
circadian rhythm, which is known to regulate gene expres-
sion in several brain regions, causing impaired neural func-
tion [104, 105]. While it is important to recognize and properly
manage these sleep disorders to improve symptoms observed
with neurodegenerative conditions, establishing a causal re-
lationship between sleep alterations and neurodegenerative
disease has proven challenging. MR can be an effective tool to
assess causality in this context, where it has gathered consid-
erable traction in both the neurodegeneration and sleep fields.
This in turn provides valuable insights into the etiology of these
conditions.

Sleep and Alzheimer’s disease

Alzheimer’s disease (AD) is a severe neurodegenerative disease
that impacts at least 40 million people worldwide and given the
increase in aging population its prevalence is projected to dra-
matically increase over the next two decades. It has been widely
reported that patients with AD encounter sleep disruption in

the form of breathing disorders and RLS [106]. While studies re-
port an increase in cognitive impairment associated with AD,
as diagnosed through pathological markers with disturbed sleep
patterns, it remains to be determined if alterations in sleep be-
havior are causal for AD pathogenesis. Using summary stat-
istics from the UK Biobank (n =395 803) and the International
Genomics of Alzheimer’s Project (IGAP) (n = 17 008 AD cases Vs.
37 154 controls), an MR study identified a causal relationship be-
tween sleep duration and cognition, but not with the risk for
AD [61]. This finding was confirmed by another independent MR
effort utilizing data from the same IGAP study and essentially
identified no significant causal association between disrupted
sleep traits and AD risk [62]. A bidirectional 2-sample MR ana-
lysis has confirmed the lack of significant effect of sleep dis-
turbance on AD risk; however, this study suggests that AD can
causally influence sleep patterns [63]. A recent study utilized
summary statistics from GWAS efforts of sleep duration [39]
and insomnia [40] to investigate association with AD phenome
(status of AD progression, age of AD onset, CSF levels of amyloid
beta, the pathogenic form of tau and total tau, hippocampal



volume, cortical surface area and thickness, neuropathological
burden of neuritic plaques, neurofibrillary tangle burden, and
Vascular brain injury) [107], through a combination of polygenic
risk score (PRS) analysis and MR analysis. Polygenic risk score
measures the individual’s chance to present with a trait (based
on genotype) and reveals if possessing this trait infers suscepti-
bility to disease risk. While the MR determined no causal associ-
ation between sleep traits and AD phenome, which is consistent
with our prior studies, PRS analysis identified causal associ-
ation between longer sleep duration and cortical thickness and
shorter sleep duration with AD pathogenesis [107].

Sleep and Parkinson’s disease

Parkinson'’s disease (PD) results from the progressive loss of
nigrostantial dopaminergic neurons and is characterized by
tremors impairing motor coordination. Until very recently, PD
was thought to be principally monogenic, but subsequently a
range of genetic and environmental risk factors have been at-
tributed to the progression of the disorder [108].

MR analyses have been undertaken to utilize GWAS meta-
analysis derived summary statistics including more than 260
000 European ancestry cases to explore the causal associations
of exposures on PD risk; however, this MR did not identify causal
associations with any sleep related exposures risk [64].

Another MR study by Cullel et al. sought to specifically ana-
lyze causal associations between various sleep traits and various
neurodegenerative diseases including PD. This study utilized
genetic variants from the public domain to determine if sleep
traits were causally associated with PD. Inverse causal associ-
ation between the morning chronotype and age of onset of PD
was identified in this MR analysis [102]. It is also noted that the
same MR study identified sleep efficiency was associated with
decreased AD risk and daytime sleepiness to be associated with
amyotrophic lateral sclerosis (ALS).

Sleep and amyotrophic lateral sclerosis

ALS is a progressive degenerative disorder, resulting in muscle
weakness [109]. ALS presents with a high degree of familial and
sporadic inheritance, supporting a strong role for genetics in the
development of the disease. While the exact etiology of ALS re-
mains unknown, as with other neurodegenerative diseases the
interaction between genetic and environmental needs to be
characterized [110]. Although ALS predominantly presents with
motor symptoms, evidence from imaging studies also indicates
the presence of cognitive impairment [111]. A qualitative sys-
tematic review revealed that almost 50%-63% of patients with
ALS report reduced sleep quality [112]. MR analyses make re-
sourceful tools to assess which sleep traits are associated with
ALS. Corroborating the MR findings of Cullell et al. (see above),
an independent MR analysis by Zhang et al. [65] and a cross sec-
tional study performed in a Chinese cohort [113] revealed that
daytime sleepiness was causally associated with the disease.

Sleep and pain

Decrease in sleep quality increases risk for pain presentation.
Studies report the presence of sleep disturbances in 67%-88%
of patients with chronic pain [114]. A meta-analysis on 16 lon-
gitudinal studies involving approximately 61 000 participants
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assessed the impact of sleep disturbances on pain-related traits,
reporting an increased risk of presenting with pain if diminished
sleep quality is experienced [115]. Identification of neural and
genetic pathways correlated with both sleep and pain should
aid the understanding of this comorbid relationship. Indeed,
twin studies report a high correlation between sleep disturb-
ances and pain, supporting a strong genetic overlap between
these two conditions [116].

A two-sample MR analysis confirmed the bidirectional
causal relationship between chronic pain and sleep disturbance,
with a higher degree of evidence supporting causation of sleep
disruption by such pain i.e. pain leads to sleep disturbance [66].
This finding contrasts with the finding of another MR study,
which also reported a bidirectional causal association between
pain and insomnia, but revealing a relatively more complex re-
lationship [67]. The discrepancy between these two MR studies
is potentially explained by the differences in cohort size, and
therefore statistical power of the respective studies.

MR of sleep and psychiatric disorders

Psychiatric disorders are often associated with sleep disturb-
ances such as insomnia, hypersomnia, nightmares, etc [117].
Recent evidence suggests the dysregulation of the circadian
system in several psychiatric disorders, including bipolar dis-
order, major depressive disorder, and schizophrenia [118]
indicating the presence of complex mechanisms linking sleep
disturbance phenotypes and psychiatric disorders. Genetic
correlations determined through sleep GWAS efforts identi-
fied several loci not only associated with circadian genes, but
also with psychiatric disorders [39, 40, 77]. Understanding this
overlap could reveal novel loci that can be developed into thera-
peutic interventions for those presenting with sleep/psychiatric
disturbances.

Sleep and depression

Depression is a major cause of mental disability and is preva-
lent among adults and adolescents. The trait is also a major
contributor to suicide risk. Genetic vulnerability and early-life
adversity are the two major unmodifiable risk factors for depres-
sion, which is now recognized as a polygenic condition [119].

A two-sample MR study leveraging UK Biobank summary
statistics to assess a broad panel of modifiable factors associated
with depression revealed a bidirectional association between
daytime napping and depression risk [68]. Another two-sample
MR analysis identified an association between morning diurnal
preference and a decreased risk of depression [69].

Given that insomnia is among the most common sleep traits,
a number of observational studies have assessed its association
with multiple psychiatric conditions, including depression - but
with mixed results. A bidirectional causal association was ob-
served between insomnia and depression by two independent
MR analyses [70, 71], while an additional independent MR ana-
lysis identified a significant causal association between in-
somnia and autism spectrum disorder and bipolar disorder [72].

Sleep and schizophrenia

Schizophreniais a severe mentalillness that presents with symp-
toms including delusions, hallucinations, thought disorders,
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anhedonia, social withdrawal, etc [120]. Approximately three
quarters of patients with schizophrenia encounter sleep-related
traits, including challenges with falling and/or staying asleep,
along with daytime sleepiness [121].

MR analysis failed to identify a causal association between
insomnia and schizophrenia in both directions [72]. Although
genetic correlation analysis of the SNPs identified by GWAS
suggests an association of schizophrenia with chronotype, MR
failed to confirm the causal relationship between the two con-
ditions [73]. However, another bidirectional two-sample MR ana-
lysis did reveal connections between longer sleep duration and
the pathogenesis of schizophrenia [39].

Sleep and bipolar disorder

Bipolar disorder is characterized by several comorbidities
including sleep disturbances [117]. In fact, a recent GWAS effort
reported a strong association between the TRANK1 locus, which
is a well-known locus associated with bipolar disorder, schizo-
phrenia, and Kleine-Levin syndrome (KLS), a rare sleep disorder
characterized by severe episodic hypersomnia, cognitive impair-
ment, and disinhibition, providing evidence of a genetic link be-
tween bipolar disorder and sleep disturbance [122]. Despite the
clinical and genetic evidence associating sleep disturbances in
psychiatric disorders, a causal relationship between sleep traits
and bipolar disorder has not been established [123, 124]. MR ana-
lysis was thus performed to investigate such a relationship be-
tween sleep traits and bipolar disorder. Using summary statistics
for sleep disturbances from GWAS efforts and statistics from
psychiatric disorders from the Psychiatric Genomics Consortium
online database, two independent bidirectional MR analyses
identified a causal effect of genetically predicted insomnia on bi-
polar disease, but not the other way around [72, 125].

MR of sleep and cardiometabolic disease

Cardiovascular disease (CVD), obesity, and diabetes collectively
constitute cardiometabolic disease. These conditions share
common risk factors and are often observed as comorbidities.
Notably, ~70% of type 2 diabetes (T2D) related deaths are a con-
sequence of CVD, and while patients with the related “meta-
bolic syndrome” are at greater risk of presenting with T2D and
cardiovascular complications [126]. Sleep is a vital biological
process related to metabolic control. Evidence from epidemio-
logic studies implicates disturbed sleep increases the risk of
cardiometabolic disease presentation [127]. Cardiometabolic
disorders commonly have overlapping pathways of sleep-
related metabolic functioning, and thus any disturbances in any
such pathway can lead to elevated risk for cardiometabolic dis-
ease [127]. MR analysis can therefore assess whether suboptimal
sleep is causally associated with cardiometabolic traits.

Sleep and obesity and body mass index

Obesity and body mass index (BMI) are polygenic traits that are
heavily influenced by environmental factors and lifestyle choices
[128]. Evidence from many epidemiological studies supports a
connection between long and short sleep duration and obesity
in both adults and children, the association being stronger in
children and decreasing with age [129, 130]. Metabolic mediators
such as leptin and ghrelin have been established as regulators

of sleep and body weight suggesting shared genetic etiology be-
tween the two conditions [74]. However, genetic signals obtained
from GWAS indicate mixed results. The FTO locus was the first
obesity signal identified in a T2D GWAS carried out in the United
Kingdom ([131]. This locus confers the strongest association
with BMI to date and has revealed additional associations with
sleep traits including morning preference, sleep duration, and
snoring. In addition, obesity loci such as SLC39A8 and HCRTR2
were identified in GWAS efforts of sleep, indicating a shared
genetic link between the two conditions [74]. On the other hand,
no association was identified between BMI and sleep traits as
reported by a post-GWAS analysis on the polygenic risk score of
97 BMI variants derived from the UK Biobank [132]. In another
UK Biobank based analysis, the obesity polygenic risk score con-
sisting of 95 BMI variants was found to associate with daytime
sleepiness but not with insomnia [23].

MR analysis can bridge this discrepancy by providing a robust
approach to demonstrate causality between the GWAS variants
and sleep traits. One MR analysis identified causality between in-
somnia and increased measures of adiposity, as well as with high
daytime napping frequency and increased waist circumference
[74]. Longer sleep durations (when reported as accelerometer
data) were causally associated with increased adult BMI [75, 76],
but other MR efforts that used self-reported sleep duration data
have not identified a clear causality between sleep duration and
BMI, especially in women. Interestingly, in the pediatric setting
higher sleep duration has been reported to track with decreased
BMI [79]. No causal association has been identified between BMI
and morningness [22, 77] or daytime sleepiness [78]. A recent
MR performed to determine the causal link between obstructive
sleep apnea and atrial fibrillation identified five loci with signifi-
cant association [80]. At least one of these variants was also asso-
ciated with BMI at the genome-wide significance level, raising the
possibility that OSA and BMI are causally related. MR analysis did
not report a causal link between the two traits; however, a strong
genetic correlation between increased BMI (plus whole body fat
mass) and snoring has been established by MR when utilizing the
variants identified in a European ancestry GWAS for snoring [24].

Sleep and Type 2 diabetes

The International Diabetes Federation has reported that ap-
proximately 537 million (1 in 10) adults worldwide have dia-
betes. T2D is characterized by the inability of the body to utilize
glucose from the circulation resulting in high levels of glucose
in the bloodstream i.e. hyperglycemia [133]. Poor sleep quality is
associated with irregular eating patterns and an unhealthy diet
both of which can lead to an increased risk of T2D.

Many observational studies indicated that insomnia and day-
time napping are risk factors for T2D [134-136]. A recent study
reviewed all possible observational studies of T2D and identi-
fied 97 risk factors for T2D. A multivariate MR analysis examined
the causal associations between T2D and the aforementioned
risk factors and identified a novel causal association between
insomnia and T2D risk [82].

Another recent MR study assessed the causal relationships
between key sleep-related traits and T2D and identified signifi-
cant causal association with insomnia, but not other sleep re-
lated traits [83]. This latter observation is supported by other MR
analyses that failed to identify causality between T2D and sleep
duration [84] or morningness [77].



Sleep and cardiovascular diseases

Cardiovascular diseases (CVDs) comprise a heterogeneous
group of disorders, including myocardial infarction, coronary ar-
tery disease, and hypertension [137]. CVD is in fact the leading
cause of death worldwide [138].

Most observational studies that report associations between
sleep traits and cardiovascular events are focused on sleep dur-
ation [139-141] and generally indicate that shorter sleep dur-
ation tracks with adverse cardiovascular outcomes.

MR has confirmed the observation that short sleep duration
is causally associated with myocardial infarction [85, 87] as well
as other CVDs like hypertension, ischaemic heart disease, and
atrial fibrillation [87]. Corroborating this finding, another MR
study revealed that longer sleep duration is causally associated
with lower heart failure risk [86].

Insomnia has also been causally associated with the in-
creased risk of several CVDs by a number of MR studies.
A two-sample MR analysis using the summary statics from UK
Biobank, identified a causal association between insomnia and
nine cardiovascular traits [88]. These findings are in agreement
with another MR study that confirmed the association between
insomnia and overall CVD risk leveraging genetic variants iden-
tified from the insomnia GWAS of 1 331 010 individuals [89].
Although insomnia is a potential risk factor for stroke, it is not-
able that short sleep duration is not [90, 91]. A causal associ-
ation between hypertension and various sleep traits, including
insomnia (direct association) and sleep duration (inverse associ-
ation), was identified by an MR study using data from European-
descent GWAS efforts: FinnGen Study and UK biobank [92].

Leveraging the information from the FinnGen study (217 955
individuals) with 16 761 patients with OSA [25], several new MR
analyses have reported an increased risk of atrial fibrillation as-
sociated with OSA [25, 80, 81, 142]. However, a bidirectional MR
analysis failed to report a reverse causal association between
the two traits i.e. there was no causal effect of atrial fibrillation
on OSA [81].

MR of sleep and cancer

Epidemiological studies are increasingly yielding evidence that
sleep impairment contributes to the pathogenesis of cancer
[143]. An observational study on 23 620 participants identified
that those who slept <6 h a day on average were 43% more likely
to develop cancer [144]. This finding was reinforced by other
studies that observed associations between short sleep duration
and the pathogenesis of colorectal [145], breast [146], lung [147],
and stomach [148] cancers. While these associations are highly
suggestive, prospective studies, and meta-analyses have failed
to report such significant findings [149, 150]. On the other hand,
MR analyses can be useful to determine significance and avoid
such bias associated with confounding factors.

A one sample MR analysis with UK Biobank data, and a
two sample MR analysis leveraging Breast Cancer Association
Consortium (BCAC) data revealed that morning preference was
protective with respect to risk of developing breast cancer [93].
Through an independent MR utilizing genetic variants from
the PRACTICAL consortium [151], morning preference was also
shown to lower prostate cancer risk by 29% in men [95].

OSA is breathing disorder that is experienced during sleep,
which presents repeated halting of breathing that can lead to a
degree of hypoxia. Hypoxia is known to play an essential role in
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cancer progression [152]. Observational studies have revealed a
causal relationship between OSA and cancer [150]. Supporting
this, a two-sample MR approach identified a causal relationship
between OSA and breast cancer risk in Asian populations within
the BCAC cohort [94]. A recent meta-analysis including six
studies and a total of 5 165 200 participants identified a two-fold
increase in the risk of breast cancer in patients with OSA [153].

Three recent, independent MR analyses identified a causal
relationship between insomnia and increased lung cancer risk
[96-98]. Given the urgency in investigating methods to prevent
lung cancer, effective intervention could involve better sleep
management.

MR of sleep and other health outcomes

Over the past decade, many advances have been made in shed-
ding light on the extent of the influence of poor sleep quality on
various health outcomes. The causal associations between sleep
traits and major health disease classes have been discussed in
detail in the above sections. However, MR analyses have also re-
vealed significant causal associations of sleep traits with other
health outcomes.

A bidirectional MR analysis utilizing publicly available data
from a large insomnia GWAS [40] implicated its role in confer-
ring risk for peptic ulcer disease [99]. Insomnia and short sleep
duration have also been shown to be causally associated with
higher osteoarthritis risk [100].

Short sleep duration is widely reported to increase the risk
for several cardiometabolic conditions as discussed above in
turn it has been hypothesized that sleep duration impacts renal
function based on evidence from two observational studies [154,
155]. Indeed, a two-sample MR analysis showed that longer
sleep duration is causally associated with increased risk of pre-
senting with chronic kidney disease, but the observations were
limited to diabetic individuals [101].

While MR has been extremely useful in implicating causal as-
sociations between sleep and other health outcomes, it has also
been an important tool to determine causal association between
different sleep traits. Leveraging the summary statistics from a
recent GWAS, MR identified a significant causal association be-
tween RLS and PLMS (periodic limb movement syndrome) [15].
Similarly, a significant causal association between snoring and
sleep apnea was identified by MR utilizing summary statistics
from a GWAS on snoring [24].

Limitations of MR and Next Steps

While MR is an excellent tool to assess comorbidity and caus-
ality between sleep traits and major health outcomes using
genetic variants as instruments, it is not without shortcomings.
Here we outline a few limitations hindering MR analyses in the
identification of potential causal associations. We also outline
steps that can be taken going forward to improve the outcomes
through such analyses.

Pleiotropy

Pleiotropy occurs when one gene drives more than one pheno-
typic effect. Pleiotropism is a major limitation of MR as it violates
the assumption that the genetic variant used as the instrument
exclusively associates with the phenotype of interest. Genetic
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variants exhibit pleiotropism through multiple effects, such as
modulation of intermediate gene/ protein expression and alter-
native splicing [46].

Many approaches are being tested to identify and remove
variants exhibiting pleiotropy in order for MR analyses to
yield a credible output. Heterogenous effects of variants can
be visually identified by scatter plots, radial plots, or funnel
plots, among others; indeed, such approaches have been trad-
itionally used to display the effect of each variant against their
association precision. Asymmetry in these plots can indicate
unusual/heterogenous effects of specific variants (on the out-
come), thus pinpointing pleiotropy [156]. The “leave-one-out
plot” removes the identified “outlier” variants one at a time
and recalculates the overall effect to select the variant with
the most significant association [47]. Techniques, such as the
MR-Egger Regression method, were developed for detecting
such heterogeneity and bias associated with pleiotropy [55]. For
example, this method has been successfully applied to account
for the pleiotropy of the genetic variants associated with OSA,
and to evaluate its causal association with cardiometabolic
comorbidities and thus establishing a causal link between OSA
and atrial fibrillation [80].

Non-linear associations

Another assumption is that the instrument leveraged in MR,
principally the genetic locus, mediates association between the
sleep trait and disease presentation in a linear fashion. The ob-
servations between sleep duration and various traits, however,
could be non-linear and therefore, assuming a linear association
can lead to a false negative output. Thus, while performing MR,
it is important to consider a potential lack of linear association
and to be aware of a potential different shape of association. To
date, just one sleep MR study has considered both linear and
non-linear associations while examining the causality between
a sleep phenotype and a disease outcome, namely between
sleep duration and cognitive function/dementia [61].

Diversity

In order to identify robust MR-based associations between sleep
phenotypes and disease, it is important to include participants
from various ethnic groups. Many of the earlier GWAS and MR
efforts were performed in relatively small groups of individuals
often belonging to the same ethnic background. Replication at-
tempts in other populations have proven very underwhelming
either due to small sample size or the possible lack of association
in that given ethnic group. For instance, a GWAS performed for
sleep duration on individuals with European ancestry identified
the PAX8 and VRK2 loci [22, 157]. However, a subsequent GWAS
meta-analysis and follow-up MR performed on Japanese partici-
pants failed to implicate the association of these loci with sleep
duration [158].

Many individuals participating in the UK Biobank prospective
study are healthy adults. Efforts to replicate any associations in
the EAGLE (EArly Genetics and Lifecourse Epidemiology) cohorts
consisting of children and adolescents have been relatively un-
successful. This is an important consideration for MR studies, as
some of these associations may differ with age. Only a few MR

observations for sleep duration genetics coming from studies in
adults have yielded modest associations for sleep duration and
various disease traits in pediatric/adolescent cohorts [79, 84].

Statistical power

The precision of MR is governed by factors that include genetic
variant allele frequency, magnitude of effect on health outcome,
and population size. Low sample size therefore limits the rigor
of MR analyses.

Within a small population, the probability of occurrence of
the genetic variant responsible for the desired outcome is low.
The combined risk from inheriting multiple common variants is
higher than the risk from one monogenic variant, with an indi-
vidual with a higher polygenic risk score being more susceptible
to disease [159]. Therefore, in MR studies multiple variants are
often combined to generate a polygenic risk score, which in turn
increases statistical power, that can then be utilized to make
more robust conclusions regarding causal relationships.

Canalization

Genetic variation co-segregates randomly during fetal forma-
tion, and some of these variants perturb normal development.
However, depending on the environmental context, either
through genetic redundancy (more than one gene having the
same or similar function) or through the activation of alter-
native metabolic pathways, the same phenotypic endpoint is
reached. This is called canalization, or developmental compen-
sation [160]. Canalization poses a problem for MR analysis as
this approach assumes that the genetic variation does not as-
sociate with confounding factors, but canalization introduces
unanticipated confounding factors that can interfere with the
analysis. Hence when relating the findings of conventional ob-
servational studies to those from MR analysis, the concept of
canalization and alternate gene expression must be considered
before interpreting results [46].

Conclusions

GWAS has uncovered a myriad of genetic loci associated with
sleep-related traits. Use of locomotor-time measures as a way
of quantifying sleep and the development of various model or-
ganisms has greatly aided in the discovery of putative genetic
targets associated with sleep and enables much needed sub-
sequent functional efforts on understanding sleep phenotypes
and pathogenesis of disease.

The genetic findings have implicated association with a
wide spectrum of physiological mechanisms, ranging from
transcription factors to neuropeptides. All that being said,
there remain key questions to be addressed in the context of
sleep genetics and key processes. MR can serve as an effective
tool to determine causality between various sleep phenotypes
and other health outcomes utilizing the various genetic sig-
nals identified by GWAS. Characterizing the trait outcome in
the context of a specific pathway can drive characterization
of the underlying biology and aid in the development of new
therapeutic areas.
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