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Supplementary Figure 1. Manhattan plots for genome-wide association analysis of frequent insomnia symptoms (ncases=129,270, ncontrols=108,352)
(A), frequent insomnia symptoms with exclusions (ncases=99,383, ncontrols=95,668) (B), frequent insomnia symptoms stratified by sex, females
(ncases=58,432, ncontrols=33,210) (C), males (ncases=37,265, ncontrols=47,309) (D), any insomnia symptoms stratified by sex, females (ncases=147,984,
ncontrols=33,210) (E), males (ncases=108,805, ncontrols=47,309) (F) . Dotted line is genome-wide significant (5x10-8) results of linear mixed models
(A,B) or logistic regression (C-F). SNP-based heritability estimates were calculated using BOLT-REML variance components analysis.
Chromosomes are annotated with the nearest gene to each association signal.





Supplementary Figure 2. QQ plot for genome-wide association analysis of insomnia symptoms. Plots A-G show the expected verses observed P
values from our association analysis of any insomnia symptoms (A), frequent insomnia symptoms (B), frequent insomnia symptoms with
exclusions (C), sex stratified frequent insomnia symptoms, females (D), males (E), sex stratified any insomnia symptoms, females (F), males (G).
Lambda inflation values were calculated using GenABEL in R and the intercept using LDSC.
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Supplementary Figure 3. Genetic correlation between the reported insomnia symptoms GWAS shown, as measured by LD Score regression using
LDSC. Color scale represents the strength of the correlation. Sample size of each GWAS as follows: Frequent insomnia symptoms all
(ncases=129,270, ncontrols=108,352), with exclusions (ncases=99,383, ncontrols=95,668), females (ncases=58,432, ncontrols=33,210), males (ncases=37,265,
ncontrols=47,309); any insomnia symptoms all (ncases=345,022, ncontrols=108,352), with exclusions (ncases=96,298, ncontrols=25,160), females
(ncases=147,984, ncontrols=33,210), males (ncases=108,805, ncontrols=47,309).
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Supplementary Figure 4. Summary of variant annotation. Variants within the credible set for each locus were mapped based on functional
annotation of each SNP. NMD=nonsense mediated decay, UTR=untranslated region.





Supplementary Figure 5. Association of frequent insomnia symptom loci with brain imaging phenotypes in the UK Biobank (images from
http://big.stats.ox.ac.uk/). PheWAS results are from 3,144 GWAS of brain imaging phenotypes on 9,707 subjects in the UK Biobank by fitting an
additive model of association at each variant.





Supplementary Figure 6. Regional association plots for RLS loci in frequent insomnia symptoms GWAS using linear mixed models
(ncases=129,270, ncontrols=108,352). Panels highlight loci previously identified to associate with RLS. Genes within the region are shown in the
lower panel. The blue line indicates the recombination rate. Filled circles show the log10 P value for each SNP, with the RLS SNP shown in
purple. Additional SNPs in the locus are colored according to correlation (r2) with the RLS SNP (estimated by LocusZoom based on the CEU
HapMap haplotypes).





Supplementary Figure 7. Causal relationship of insomnia symptoms with CAD in the UK Biobank. Method comparison plot of the association 
between single nucleotide polymorphisms associated with frequent insomnia symptoms and CAD (A) and forest plot shows the estimate of the 
effect of genetically increased insomnia risk on CAD (B). Association between single nucleotide polymorphisms associated with CAD and insomnia 
symptoms (C) and forest plot shows the estimate of the effect of genetically increased CAD risk on insomnia symptoms (D). Results are shown for 
multiple MR association tests. Method comparison plot shows SNP effects on the outcome plotted against SNP effects on the exposure, with each dot 
representing the effect of the SNP on the exposure and outcome with the 95% confidence interval shown in gray. The slope of each line represents the causal 
association for each method.  Forest plots show each SNP with the 95% confidence interval (gray line segment) of the estimate and the Inverse 
Variance MR, MR-Egger, and Weighted Median MR results in red.  Frequent insomnia symptoms GWAS ncases=129,270, ncontrols=108,352, CAD 
GWAS ncases=23,980, ncontrols=361,706.



Supplementary Note 

 

Materials and Methods 

UK Biobank 

Phenotype and Covariate measures 
 
Activity-monitor derived measures of sleep 

Actigraphy devices (Axivity AX3) were worn 2.8 - 9.7 years after study baseline by 103,711 
individuals from the UK Biobank for up to 7 days. Details are described elsewhere [REF: PMID: 
28146576]. Of these 103,711 individuals, we excluded 11,067  based on accelerometer data 
quality. Participants were excluded if they satisfied at least one of the following conditions (see 
also http://biobank.ctsu.ox.ac.uk/crystal/label.cgi?id=1008): a non-zero or missing value in data 
field 90002 (“Data problem indicator”), “good wear time” flag (field 90015) set to 0 (No), “good 
calibration” flag (field 90016) set to 0 (No), “calibrated on own data” flag (field 90017) set to 0 
(No) or overall wear duration (field 90051) less than 5 days. Additionally, samples with extreme 
values of mean sleep duration (<3 hours or >12 hours) or mean number of sleep periods (<5 or 
>30) were excluded. 85,502 samples remained after non-white ethnicity exclusions. Sleep 
measures were derived by processing raw accelerometer data (.cwa). First we converted .cwa 
files available from the UK Biobank to .wav files using Omconvert 
(https://github.com/digitalinteraction/openmovement/tree/master/Software/AX3/omconvert ) for 
signal calibration to gravitational acceleration1,2 and interpolation2. The .wav files were 
processed with the R package GGIR to infer activity monitor wear time3, and extract the z-angle 
across 5-second epoch time-series data for subsequent use in estimating the sleep period time 
window (SPT-window)4 and sleep episodes within it5.  

The SPT-window was estimated using an algorithm described in Van Hees et al.4, implemented in 
the GGIR R package and validated using PSG in an external cohort. Briefly, for each individual, 
median values of the absolute change in z-angle (representing the dorsal-ventral direction when 
the wrist is in the anatomical position) across 5-minute rolling windows were calculated across a 
24-hour period, chosen to make the algorithm insensitive to activity-monitor orientation. The 10 th 
percentile was incorporated into the threshold distinguishing movement from non-movement. 
Bouts of inactivity lasting ≥30 minutes are recorded as inactivity bouts. Inactivity bouts that are 
<60 minutes apart are combined to form inactivity blocks. The start and end of longest block 
defines the start and end of the SPT-window [van Hees et al 2018, in press]. Sleep duration. Sleep 
episodes within the SPT-window were defined as periods of at least 5 minutes with no change 
larger than 5° associated with the z-axis of the accelerometer, as motivated and described in van 
Hees et al5. The summed duration of all sleep episodes was used as indicator of sleep duration. 
Sleep efficiency. This was calculated as sleep duration (defined above) divided by the time elapsed 
between the start of the first inactivity bout and the end of the last inactivity bout (which equals 
the SPT-window duration). Number of sleep episodes within the SPT-window. This is defined as 
the number of sleep episodes separated by last least 5 minutes of wakefulness within the SPT-
window. The least-active five hours (L5) and the most-active ten hours (M10) of each day were 
defined using a five-hour and ten-hour daily period of minimum and maximum activity, 



respectively. These periods were estimated using a rolling average of the respectively time 
window. L5 was defined as the number of hours elapsed from the previous midnight whereas M10 
was defined as the number of hours elapsed from the previous midday. Sleep midpoint was 
calculated for each sleep period as the midpoint between the start of the first detected sleep episode 
and the end of the last sleep episode used to define the overall SPT-window (above). This variable 
is represented as the number of hours from the previous midnight, e.g. 2am = 26. Diurnal inactivity 
duration is the total daily duration of estimated bouts of inactivity that fall outside of the SPT-
window. All activity-monitor phenotypes were adjusted for age at accelerometer wear, sex, season 
of wear, release (categorical; UK BiLeVe, UKB Axiom interim, release UKB Axiom full release) 
and number of valid recorded nights (or days for M10) when performing the association test in 
BOLT-LMM. 
 
Coronary Artery Disease 
 
Coronary artery disease (CAD) in the UK Biobank was defined as a diagnosis of myocardial 
infarction or coronary revascularization, as described previously6.  Myocardial infarction was 
defined as a self-reported diagnosis of “heart attack” or “myocardial infarction” or 
hospitalization/death due to an ICD-10 code for acute myocardial infarction (I21.0, I21.1, I21.2, 
I21.4, I21.9).  Coronary revascularization was defined based on a self-report of “coronary artery 
bypass grafting” or “coronary artery angioplasty,” or hospitalization for an OPCS-4 code for 
coronary artery bypass grafting (K40.1-K40.4, K41.1-K41.4, K45.1-K45.5) or coronary artery 
angioplasty + stenting (K49.1–49.2, K49.8–49.9, K50.2, K75.1–75.4, K75.8–75.9).   Individuals 
with self-reported “angina” or hospitalization for an ICD-10 code of angina pectoris (I20) or 
chronic ischemic heart disease (I25.1, I25.5, I25.6, I25.8, I25.9) were excluded from analyses.  All 
other individuals were defined as controls. 
 
The following were all considered to be Sleep medications (note this list includes generic and 
propriatory names for the same medication so that we included all ways that sleeping tables may 
have been reported): : oxazepam, meprobamate, medazepam, bromazepam, lorazepam, clobazam, 
chlormezanone, temazepam, nitrazepam, lormetazepam, diazepam, zopiclone, triclofos, 
methyprylone, prazepam, triazolam, ketazolam, dichloralphenazone, clomethiazole, zaleplon, 
butobarbital.  Antidepressants: amitriptyline, citalopram, fluoxetine, sertraline, venlafaxine, 
dosulepin, paroxetine, mirtazapine, escitalopram, trazodone, prozac, seroxat, cipralex, duloxetine, 
lofepramine, clomipramine, nortriptyline, imipramine, dothiepin, cipramil, amitriptyline, 
prothiaden, trimipramine, lustral, reboxetine, zispin, cymbalta, anafranil, doxepin, moclobemide, 
phenelzine, fluvoxamine, yentreve, triptafen, surmontil, tranylcypromine, allegron, edronax, 
molipaxin, mianserin, nardil, faverin, nefazodone, amitriptyline+chlordiazepoxide, isocarboxazid, 
manerix, maoi, sinequan, tranylcypromine+trifluoperazine, ludiomil, norval, tryptizol, and 
fluphenazine hydrochloride+nortriptyline. Antipsychotics: prochlorperazine, olanzapine, 
quetiapine, risperidone, chlorpromazine, trifluoperazine, amisulpride, sulpiride, seroquel, 
haloperidol, aripiprazole, stelazine, depixol, flupentixol, clozapine, promazine, risperdal, 
modecate, fluanxol, flupenthixol, zyprexa, zuclopenthixol, clopixol, largactil, abilify, 
fluphenazine, haldol, serenace, clozaril, cpz, perphenazine, levomepromazine, pericyazine, 
dolmatil, fentazin, fluphenazine, benperidol, pimozide, zaponex, denzapine, neulactil, 
thioridazine, dozic, fluspirilene, panadeine, and sertindole. Anxiolytics: zopiclone, diazepam, 
temazepam, zolpidem, nitrazepam, lorazepam, hydroxyzine, zimovane, phenergan, promethazine, 



buspirone, atarax, oxazepam, loprazolam, chlordiazepoxide, lormetazepam, ucerax, stilnoct, 
diazepam, buspar, alprazolam, librium, xanax, meprate, dalmane, clomethiazole, meprobamate, 
welldorm, amitriptyline+chlordiazepoxide, flurazepam, heminevrin, medazepam, neulactil, 
sinequan, almazine, atensine, carisoma, chloractil, chloral, dichloralphenazone, dormonoct, 
methyprylone, mogadon, rohypnol and tryptizol. 
 
Replication Cohorts 

The HUNT Study 

Sample ascertainment and phenotype definition.  

The Nord-Trøndelag Health Study (HUNT) consists of three different population-based health 
surveys conducted in the county of Nord-Trøndelag, Norway over approximately 20 years 
(HUNT1 [1984-1986], HUNT2 [1995-1997] and HUNT3 [2006-2008])7. At each survey, the 
entire adult population (≥ 20 years) was invited to participate by completing questionnaires, 
attending clinical examinations and interviews. Participation rates in HUNT1, HUNT2 and 
HUNT3 were 89.4% (n=77,212), 69.5% (n=65 237) and 54.1% (n=50 807), respectively7. Taken 
together, the study included more than 120,000 different individuals from Nord-Trøndelag County. 
Biological samples including DNA have been collected for approximately 70,000 participants. The 
HUNT Study has been described in more detail elsewhere7. 

Participants reporting insomnia in either HUNT1, HUNT2 or HUNT3 were classified as having 
insomnia for the present study. In HUNT1, participants who answered “often” or “almost every 
night” to the question “During the last month, have you had any problems falling asleep or sleep 
disorders?” were classified as having insomnia. Those who answered “almost every night” were 
additionally classified as having frequent insomnia. In HUNT2, participants who answered “often” 
or “almost every night” to either of the questions “Have you had difficulty falling asleep in the last 
month?” or “During the last month, have you woken too early and not been able to get back to 
sleep?”, were classified as having insomnia. Those who answered “almost every night” to either 
question were additionally classified as having frequent insomnia. In HUNT3, participants were 
asked how often in the last 3 months they had “had difficulty falling asleep at night” and “woken 
up repeatedly during the night” with the response options “Never/seldom”, “Sometimes” and 
“Several times a week”. Those who answered “Several times a week” to either question were 
classified as having insomnia. Because of fewer response options on the insomnia questions in 
HUNT3 than in HUNT1 and HUNT2, we classified frequent insomnia differently than in the two 
previous studies, and only those who answered “Several times a week” to both questions were 
classified as having frequent insomnia.  

Participants were classified as controls (no insomnia) if they answered the insomnia questions in 
at least one of the three HUNT studies, and did not qualify as cases. 

Genotyping, quality control and imputation. 

DNA from 71,860 HUNT samples was genotyped using one of three different Illumina 
HumanCoreExome arrays (HumanCoreExome12 v1.0, HumanCoreExome12 v1.1 and UM 
HUNT Biobank v1.0). Genotyping and quality control are described here8 [PMID:29083406]. 
Imputation was performed on samples of recent European ancestry using Minimac3 (v2.0.1, 
http://genome.sph.umich.edu/wiki/Minimac3)9 and a merged reference panel that was constructed 



by combining the Haplotype Reference Consortium panel (release version 1.1)10 and a local 
reference panel based on 2,202 whole-genome sequenced HUNT study participants. After 
restricting to the above, those with European ancestry and with available phenotype information, 
62,533 individuals were included in the analysis sample. 

Association analysis. 

Association analyses were conducted using SAIGE [Efficiently controlling for case-control 
imbalance and sample relatedness in large-scale genetic association studies11, a generalized mixed 
effects model approach, to account for cryptic population structure and relatedness when 
modelling the association between genotype probabilities (dosages) and insomnia symptoms. 
Models were adjusted for sex, birth year, genotyping batch and four principal components (PCs). 
PCs were computed using PLINK. Additional filters applied to the analysis included minor allele 
count ≥ 5 and imputation r2 ≥ 0.3. 

 

Partners Healthcare Biobank  

The Partners Biobank12 is an ongoing hospital-based cohort study launched in 2010 from the 
Partners HealthCare hospitals with electronic medical record (EMR) and genetic data 
supplemented with health surveys. Recruitment is from participating clinics at Brigham and 
Women’s Hospital (BWH), Massachusetts General Hospital (MGH), Spaulding Rehabilitation 
Hospital (SRH), Faulkner Hospital (FH) and McLean Hospital (MCL), (NWH), (NSM) and 
electronically from previous patients. At the time of analysis, a total of 73,683 participants have 
provided consent, of which 20,087 have been genotyped. Cases of insomnia were ascertained from 
EMR using diagnoses of insomnia (and primary insomnia) (n =2,217). Participants without 
insomnia and restless leg syndrome were selected as controls (n =17,018). Participants were 
genotyped using the Illumina Multi-Ethnic GWAS/Exome SNP Array. Imputation was performed 
using Minimac3 (http://genome.sph.umich.edu/wiki/Minimac3) using the HRC (Version r1.1 
2016) reference panel for imputation. This HRC panel consists of 64,940 haplotypes of 
predominantly European ancestry.  Haplotype phasing was performed using SHAPEIT13. In total, 
16,791 samples of self-reported European ancestry with high-quality genotyping, EMR data and 
covariate data were used for these analyses. We derived a genetic risk score (GRS) for frequent 
insomnia symptoms using 57 SNPs. Individual participant scores were created by summing the 
number of risk alleles at each genetic variant, which where weighted by the respective allelic effect 
sizes on frequent insomnia symptoms. We tested whether the GRSs for insomnia by estimating 
linear trends of the GRS adjusted for age, sex, and genotyping array. 
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