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Short or Long Sleep Duration and CKD: A Mendelian
Randomization Study
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ABSTRACT

Background Studies have found sleeping behaviors, such as sleep duration, to be associated with kidney
function and cardiovascular disease risk. However, whether short or long sleep duration is a causative
factor for kidney function impairment has been rarely studied.

Methods We studied data from participants aged 40-69 years in the UK Biobank prospective cohort,
including 25,605 self-reporting short-duration sleep (<6 hours per 24 hours), 404,550 reporting
intermediate-duration sleep (6-8 hours), and 35,659 reporting long-duration sleep (=9 hours) in the clinical
analysis. Using logistic regression analysis, we investigated the observational association between the
sleep duration group and prevalent CKD stages 3-5, analyzed by logistic regression analysis. We per-
formed Mendelian randomization (MR) analysis involving 321,260 White British individuals using genetic
instruments (genetic variants linked with short- or long-duration sleep behavior as instrumental variables).
We performed geneticrisk score analysis as a one-sample MR and extended the finding with a two-sample
MR analysis with CKD outcome information from the independent CKDGen Consortium genome-wide
association study meta-analysis.

Results Short or long sleep duration clinically associated with higher prevalence of CKD compared with
intermediate duration. The geneticrisk score for short (but not long) sleep was significantly related to CKD
(per unit reflecting a two-fold increase in the odds of the phenotype; adjusted odds ratio, 1.80; 95%
confidence interval, 1.25 to 2.60). Two-sample MR analysis demonstrated causal effects of short sleep
duration on CKD by the inverse variance weighted method, supported by causal estimates from MR-Egger
regression.

Conclusions These findings support an adverse effect of a short sleep duration on kidney function. Clini-
cians may encourage patients to avoid short-duration sleeping behavior to reduce CKD risk.
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CKD is an important comorbidity largely devel-
oped in those with hypertension or diabetes melli-
tus, and its prevalence is increasing with the global
aging trend. As CKD is related to a large socioeco-
nomic burden and cardiovascular diseases or even
death, the identification and prevention of the cau-
ses of CKD are important medical issues.!>

Sleep duration, along with other inappropriate
sleeping behaviors such as sleep apnea or insom-

nia,>* has been reported to be associated with kidney
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function and the risk of cardiovascular diseases.>#
Poor sleep, particularly a short sleep duration
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(<6 hours), has been reported to be a potential causal risk
factor for myocardial infarction.® In the nephrology field, co-
hort studies reported that short sleep duration was associated
with a rapid decline in kidney function and that poor sleep
habits were related to CKD progression.>~” However, whether
inappropriate sleep duration is a causative factor for kidney
function impairment has rarely been studied, and performing
a clinical trial to address this issue would be difficult. Evidence
further suggesting the causal effects of inappropriate sleep du-
ration on CKD is needed, as a causal effect of sleep on CKD
would indicate that the burden of CKD could be ameliorated by
promoting healthy sleep.

Mendelian randomization (MR) is a method that can dem-
onstrate the causal effect of a modifiable environmental or
lifestyle factor, predicted by a set of genetic instruments, on
complex disease phenotypes.® As genetic instruments are in-
herent, they are minimally affected by reverse causation or
confounding effects, making MR possible to demonstrate
causal effects. The method has been popularized in recent
observational studies on the basis of the available large-scale
population-based genetic data, which are extensively
phenotyped.810-13

In this study, we aimed to demonstrate the association
between inappropriate sleep duration, particularly short
sleep duration, and CKD using UK Biobank data. We hy-
pothesized that clinical and genetically predicted short or
long sleep durations are associated with CKD, suggesting
causal effects of inappropriate sleep duration on CKD
development.

METHODS

Ethics Considerations

The study was performed in accordance with the Declaration
of Helsinki. The study was approved by the institutional re-
view boards of Seoul National University Hospital (no.
2005-007-1120) and the UK Biobank Consortium (applica-
tion no. 53799). The requirement for informed consent was
waived as we used the anonymous database.

Study Setting

The study was an observational cohort study including clinical
and genetic analyses using the data from the UK Biobank. The
UK Biobank is a prospective population-based cohort con-
structed by contacting 9 million people via mail until it finally
included >500,000 participants aged 40—69 years from 2006
to 2010 in the United Kingdom. The study participants un-
derwent clinical interviews, anthropometric evaluations, and
laboratory measurements and answered questionnaires in 22
assessment centers throughout the nation. The database has
been recently utilized to reveal various clinical and genomic
findings, although a healthy volunteer bias was present in the
cohort.!* The details of the database have been described
previously.!>
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Significance Statement

Poor sleep is known to be related to kidney function impairment.
Using the UK Biobank cohort, including individuals self-reporting
regular sleep patterns of short, intermediate, or long duration, the
authors found that short or long sleep duration was associated with
higher prevalence of CKD. In the genetic analysis, the genetic risk
score for short but not long sleep duration was significantly related
to a higher risk of CKD stages 3-5, suggesting causal effects of
short sleep duration on CKD. Two-sample Mendelian randomiza-
tion analysis, using the independent meta-analysis results of kidney
function from the CKDGen Consortium genome-wide association
study, also showed significant causal estimates of short sleep dura-
tion on CKD. Clinicians may thus consider encouraging patients to
avoid short-duration sleeping behavior to reduce the risk of CKD.

Study Population

For the clinical analysis, we included participants with avail-
able information for self-reports for sleep duration and base-
line laboratory assessment of the eGFR values, and those who
were missing the essential information were excluded.

For the genetic analysis, participants of White British an-
cestry passing the basic quality control filter were included.
Those who were outliers in terms of heterozygosity or missing
rate, those with sex chromosome aneuploidy, and those with
excess kinship were excluded on the basis of the information
determined by the UK Biobank Consortium. In addition,
those with missing eGFR values were excluded, as the infor-
mation was necessary to determine the study outcome.

Sleep Duration Exposure

A standardized touch-screen questionnaire asked, “About how
many hours sleep do you get in every 24 hours? (please include
naps).” It was used to collect the sleep duration in hours. In the
clinical analysis, we stratified sleep duration into short (<6
hours), intermediate (6-8 hours), and long (=9 hours)
groups.>8 Regarding the short sleep definition, the definition
was more stringent than the recommendation, suggesting 7-8
hours of sleep as the reccommended duration.!® Nevertheless,
the recommendation also suggested <6 hours of sleep as in-
appropriate sleep; thus, we selected <6 hours as the definition
for short sleep in the clinical analysis to clearly include those
who sleep short despite implementing self-reported sleep
duration.

Kidney Function Outcomes

First, prevalent CKD stages 3-5 were defined by an
eGFR<60 ml/min per 1.73 m? or the presence of a prevalent
history of ESKD at baseline. The Chronic Kidney Disease Ep-
idemiology Collaboration equation was used to calculate the
eGFR values on the basis of creatinine levels measured by the
standard enzymatic method.!” Second, as a supplemental out-
come, we also assessed limiting the CKD stages 3—5 outcome
to CKD with eGFR=45 ml/min per 1.73 m’, as profound
kidney function impairment itself can reversibly cause sleep
disturbance.!8 In the analysis, those with lower eGFR
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(<45 ml/min per 1.73 m*) were not included, and we included
those with CKD with eGFR=45 ml/min per 1.73 m? (patients)
or without CKD stages 3—5 (controls). Third, in the clinical
analysis, we also investigated incident ESKD as an outcome,
with the additional exclusion of those with baseline CKD stage
5 determined by an eGFR<15 ml/min per 1.73 m” or a history
of prevalent ESKD. The ESKD outcome has been algorithmi-
cally defined by the UK Biobank from self-reports and hospital
admission records. We censored the follow-up for the ESKD
outcome at February 29, 2016, as complete hospital records
were available until that date in all three regions when this
study was performed. As the total number of individuals
with incident ESKD was relatively small compared with the
number of CKD events and no external genome-wide associ-
ation study (GWAS) source was available for the outcome, this
outcome was not included in the genetic analysis.

Collection of Covariates

The collected covariates included age; sex; spot urine
microalbumin-creatinine ratio; body mass index; waist cir-
cumference; smoking history (nonsmoker, ex-smoker, or cur-
rent smoker); cardiovascular disease history (angina, heart
attack, or stroke); hypertension; systolic BP; diastolic BP; di-
abetes mellitus; dyslipidemia; frequency of moderate physical
activity per week; and the values of LDL, HDL, and total cho-
lesterol. Self-reported snoring (yes or no) and napping (never/
rarely, sometimes, usually) were collected as covariates for
other sleep habits. The details regarding the covariates are de-
scribed in Supplemental Material.

Statistical Methods for Clinical Analyses

Descriptive statistics are presented as numbers (percentages)
for categorical variables and medians (interquartile ranges)
for continuous variables. A generalized additive model was
used to plot the association between self-reported sleep dura-
tion and the age- and sex-adjusted odds for CKD stages 3-5.
The cross-sectional association of sleep duration with CKD
outcomes was investigated by logistic regression analysis.
When analyzing incident ESKD, Cox regression analysis was
used, excluding those with previous ESKD history or an
eGFR<15 ml/min per 1.73 m®. For regression analyses, uni-
variable and stepwise multivariable models were constructed.
The first multivariable model was less stringent and adjusted
for age; sex; other sleep behaviors, including napping or snor-
ing; and smoking history. The second multivariable model was
adjusted for wide ranges of variables, although some of them
may be mediators, to ask about a more direct association be-
tween sleep duration and outcomes. The details regarding the
adjustment variables are described in Supplemental Material.
Subgroup analyses were performed stratified by sex, as the
odds for CKD were significantly different according to the
variable and on the basis of an interaction analysis result (in-
teraction term P=0.004). Because missing information was
present in the clinical dataset, as described in Supplemental
Material, the multivariable regression analyses were first
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performed with multiple imputation by the chained equation
method, which has strength when imputing a complex large
dataset.!® In addition, the results from the complete-case
method are presented, not including those with missing in-
formation in the covariates. All clinical statistical analyses
were performed using R (version 3.6.2; the R Foundation),
and two-sided P=0.05 were considered significant.

Genetic Instrument

We implemented a set of genetic instruments reported in a
previous study to genetically predict short sleep or long
sleep.?0 In brief, a GWAS was performed with imputed geno-
type data provided by the UK Biobank regarding the pheno-
types of sleep duration <7 hours and sleep duration =9 hours.
In total, 27 single-nucleotide polymorphisms (SNPs) in inde-
pendent loci that were significantly associated with a short
duration of sleep and eight SNPs that were associated with a
long duration of sleep were reported (Supplemental Table 1).
The study found that the SNPs were significantly associated
with sleep duration that was objectively estimated by an accel-
erometer. Although the short-sleep genetic instrument was
developed with the short-sleep trait defined by different
thresholds (<7 hours), as the genetic instrument was also
strongly associated with phenotypical sleep duration <6
hours and was validated by accelerometry results to reflect
shorter sleep duration, we utilized the genetic instrument in
this study. The instrument was previously implemented to
show causal estimates from short sleep duration on the risk
of myocardial infarction.?

One-Sample MR

First, we performed genetic risk score (GRS)-based one-
sample MR analysis with the individual data of the UK Bio-
bank. We calculated GRSs for short and long sleep durations
by multiplying the gene dosage matrix with the effect sizes of
the GWAS, the regressed 3, by using PLINK 2.0 (version
«2.3).21 The GRSs were scaled to a unit reflecting two-fold
odds of the phenotypic exposure of interest. We analyzed the
variance explained by the GRSs for the exposure phenotypes
by calculating the Effron pseudo-R” values.22 The associations
between the calculated GRS, per unit reflecting two-fold odds
for either phenotypical short sleep or long sleep, and the study
outcomes were tested by logistic regression analysis for the
binary CKD outcomes. The association was adjusted for age,
sex, genotype measurement batch, and the first ten principal
components of the genetic information. As a sensitivity anal-
ysis, we recalculated the GRS after disregarding SNPs that were
in genome-wide significant (P<<5X107®) association with pos-
sible major confounders, including hypertension, diabetes,
obesity, and current smoking, in logistic regression models
adjusted for age, sex, and the 20 principal components. An-
other sensitivity analysis was performed to demonstrate the
direct effects of exposures of interest by additionally adjusting
phenotypical covariates, including obesity, hypertension, di-
abetes, and smoking history. Furthermore, we asked whether
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the SNPs included in the genetic instrument showed a signif-
icant direct association with the CKD outcome by GWAS,
adjusted for age, sex, and the first 20 principal components,
to identify whether an individual SNP might have had a dis-
proportionate effect on the overall results.

Two-Sample MR

We further asked whether our findings can be extended to an
independent cohort by performing two-sample MR analysis in
which outcome information is introduced from external
GWAS summary statistics. Two-sample MR is less prone to
false-positive bias, which is possible in one-sample MR anal-
ysis.2> The main summary statistics for the two-sample MR
were implemented from the independent CKDGen GWAS
meta-analysis. The public results for 567,460 individuals of
independent European ancestry were provided by the Chronic
Kidney Disease Genetics (CKDGen) Consortium (https://
ckdgen.imbi.uni-freiburg.de/).?4 Palindromic SNPs with inter-
mediate allele frequencies were disregarded,?> and the overlap-
ping 25 SNPs and seven SNPs among the genetic instrument
for short sleep and long sleep, respectively, were utilized as the
genetic instrument for the two-sample MR. The main method
for two-sample MR was the conventional fixed effect inverse
variance method as in a prior study.® Causal estimates from the
maximum likelihood method were also tested.?® As the above
methods can be biased from directional pleiotropy, MR-Egger
regression, which can yield causal estimates that are robust to
pleiotropy, was performed as a sensitivity analysis with the tests
for directional pleiotropy.?” Furthermore, the weighted median
method, which provides consistent estimates even when an
invalid instrument is present, was implemented as another
sensitivity analysis.?® The two-sample MR was repeated after
excluding SNPs that were in genome-wide significant
(P<0.001) association with possible major confounders as
the one-sample MR. Leave-one-out analysis by MR-Egger or
the fixed effects inverse variance method was performed to ask
whether the overall results were driven from an individual
variant.

The causal estimates were scaled to the increase in the odds
of an outcome per doubling of the odds of exposure of interest
by multiplying the regressed B8 values by 0.693 in the two-
sample MR as previously described.?®

RESULTS

Study Population

Among a total of 502,505 UK Biobank participants, 36,691
individuals were excluded due to lack of self-reported sleep
information or eGFR values, resulting in 465,814 individuals
included in the clinical analysis (Figure 1). Among them,
25,605, 404,550, and 35,659 individuals reported short (<6
hours), intermediate (6—8 hours), and long (=9 hours) sleep
durations, respectively.
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In the genetic analysis, 337,138 participants of White Brit-
ish ancestries passed the sample quality control step. Among
them, 321,260 participants with baseline eGFR values were
included in the investigation of the association of the GRS
with CKD.

Clinical Characteristics

Baseline characteristics stratified by sleep duration are presen-
ted in Table 1. Approximately 30%—40% of the participants
reported snoring, which was more common in those with a
long sleep duration. Napping was also particularly common in
the long-sleep duration group. Current smokers were more
likely to report a short sleep duration, but a higher median
frequency of moderate physical activity was also identified in
that group. Those with an intermediate sleep duration had
the lowest prevalence of obesity or central obesity. Both the
short-sleep duration and long-sleep duration groups report-
ed relatively higher prevalence rates of cardiovascular dis-
ease, hypertension, and diabetes mellitus when compared
with the intermediate-sleep duration group.

Clinical Analyses

There were 713 (3%), 8830 (2%), and 1560 (4%) individuals
with prevalent CKD stages 3-5 in the short-, intermediate-,
and long-sleep duration groups, respectively. The association
between the prevalence of CKD and sleep duration was U
shaped (Supplemental Figure 1), and those with shorter or
longer sleep durations had a higher prevalence of CKD stages
3-5 when compared with those with an intermediate duration
of sleep (Table 2). The results were similar when the models
were adjusted for age, sex, smoking history, habitual napping,
and snoring, and the odds of prevalent CKD stages 3—5 were
significantly higher in the short-sleep or long-sleep group than
in the intermediate-sleep group in both sexes. With additional
adjustment, including metabolic parameters and the fre-
quency of moderate to vigorous physical activity, the associa-
tion between short sleep and higher odds for CKD stages 3—5
became insignificant only in women. On the other hand, a
long sleep duration was significantly associated with a higher
prevalence of CKD in both sexes even after adjusting for the
multiple covariates.

After excluding 581 participants with eGFR<<15 ml/min
per 1.73 m? or a previous ESKD history, we analyzed incident
ESKD. During a median of 7.1 years of follow-up, 404 indi-
viduals developed ESKD: 259 men and 145 women (Figure 2,
Table 2). The risk of incident ESKD showed an insignificant
association with sleep duration groups in the multivariable
models when both sexes were included. When the analysis
was limited to participants who were men, both short and
long sleep durations were associated with approximately
two-fold hazards of incident ESKD when compared with a
sleep duration of 6-8 hours in the univariable model. Within
the men, the significance between the short or long sleep du-
ration with a higher risk of incident ESKD remained even in
the stringently adjusted multivariable model. However, for
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Individuals with
self-reported sleep duration
and with eGFR values
(N =465,814)

Individuals of white British
ancestry passing sample
QC and with eGFR values
(N =321,260)

CKDGen GWAS meta-
analysis for individuals of
European ancestry
(N = 567,460)

Clinical analysis

Mendelian randomization

Figure 1. Study population. The study was an observational cohort study including clinical and genetic analyses using the data from
the UK Biobank. The observational analysis was performed within the UK Biobank participants who self-reported sleep duration and
had eGFR measurements (N = 465,814). The Mendelian randomization analysis was first performed for the individuals of white British
ancestry passing sample quality control and with eGFR values (N = 321,260). The findings were extended to an independent genome-
wide association study meta-analysis results by the CKDGen consortium (N = 567,460). QC, quality control.

participants who were women, given the relatively low num-
ber of identified participants with incident ESKD, none of the
sleep duration groups had a significantly different risk of
ESKD compared with the intermediate-sleep duration group.
The overall results were similar when the analyses were per-
formed by the complete-case method (Supplemental Table 2).

One-Sample MR Results
The GRSs for short sleep and long sleep durations were sig-
nificantly associated with the short sleep duration (<6 hours)
and long sleep duration (=9 hours) phenotypes (P<<0.001),
respectively, explaining 0.8% of risks for each phenotype.
The GRS for short sleep was significantly associated with
both CKD stages 3—5 and CKD with an eGFR=45 ml/min per
1.73 m? (Table 3). A GRS unit reflecting a two-fold increase in
odds for short sleep (<6 hours) was associated with a nearly
two-fold odds of CKD stages 3—5 (adjusted odds ratio, 1.80;
95% confidence interval, 1.25 to 2.60; P=0.002). The direction
of the results remained similar to the sensitivity analysis ex-
cluding the confounder-associated SNPs (four SNPs among
the short-sleep genetic instrument) (Supplemental Table 3)
or additional adjustment for the possible phenotypical con-
founders. The significant association with the short-sleep
GRS and CKD was again identified when the analysis was lim-
ited to each sex. On the other hand, the GRS for a long sleep
duration was not significantly associated with CKD outcomes.
The SNPs in the genetic instruments were not directly asso-
ciated with CKD stages 3—5, as no SNPs reached the Bonferroni-
adjusted P value (< 0.05/27 for SNPs associated with short sleep
duration and <0.05/8 for SNPs associated with long sleep du-
ration), which implies that an individual SNP did not dispropor-
tionally drive the overall results (Supplemental Table 4).

Two-Sample MR Results

When the analysis was extended to the independent CKDGen
GWAS meta-analysis,?* positive causal estimates from short
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sleep on CKD were identified by the inverse variance weighted
and maximal likelihood methods (Figure 3, Table 4). The MR-
Egger regression pleiotropy test suggested possible directional
pleiotropy (P=0.04); however, MR-Egger regression results,
robust for such pleiotropy effects, showed even higher odds
for CKD in those genetically predisposed for short sleep. The
weighted median method yielded supportive, although mar-
ginal (odds ratio, 1.10; 95% confidence interval, 0.98 to 1.25;
P=0.11), causal estimates for CKD. The B values from the
leave-one-out analysis, ranging from 0.070 to 0.119 by the in-
verse variance weighted method, remained similar to the main
analysis (Supplemental Table 5). The causal estimates, with
larger 3 values, were mostly significant when MR-Egger regres-
sion was the method for the leave-one-out analysis. The signif-
icant causal estimates were again identified when we excluded
SNPs that were strongly associated with the possible major
confounders by the inverse variance weighted or maximal like-
lihood method (Table 4). After the process, the MR-Egger plei-
otropy test indicated insignificant directional pleiotropy
(P=0.12), although the significance of the causal estimates
from the MR-Egger regression (odds ratio, 1.63; 95% confi-
dence interval, 1.00 to 2.64; P=0.06) or weighted median
method (odds ratio, 1.08; 95% confidence interval, 0.94 to
1.23; P=0.27) was marginal. On the other hand, the two-
sample MR results with the long-sleep genetic instrument
showed null findings by the performed MR investigation.

DISCUSSION

In this study, including both clinical and genetic analyses, as-
sociations between sleep durations other than intermediate
sleep duration and CKD were investigated. In the clinical anal-
ysis, durations of sleep that were either <6 or =9 hours were
associated with a higher prevalence of CKD. Short sleep du-
ration was particularly associated with the risk of incident
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Table 1. Baseline characteristics according to self-reported sleep duration

L. Short Sleep, Intermediate Sleep, Long Sleep,
Characteristics <6 h 6-8 h >9 h
No. of participants 25,605 404,550 35,659
Sleep habits
Sleep duration, h 5 [5-5] 7 [7-8] 9 [9-9]
Reported snoring 7711 (34%) 140,366 (37%) 13,368 (40%)

Reported napping
Never/rarely

14,467 (57%)

234,724 (58%)

Sometimes 9712 (38%) 151,883 (38%)
Usually 1338 (5%) 17,405 (4%)
Age, yr 58 [51-64] 58 [50-64]
Men 11,265 (44%) 186,640 (46%)
Smoking
Nonsmoker 12,970 (51%) 222,996 (55%)
Ex-smoker 8550 (34%) 139,550 (35%)
Current smoker 3943 (15%) 40,610 (10%)
Frequency of moderate physical 4 [2-6] 3[2-5]
activity, d/wk
Body mass index, kg/m? 27.8 26.6 [24.1-29.7]
[24.7-31.4]
Obese, =30 8450 (33%) 93,676 (23%)
Waist circumference, cm 92 [82-102] 89 [80-98]

Central obesity, =102 for men;
=96 for women

Cardiovascular disease history 2413 (9%) 20,846 (5%)
Hypertension, mm Hg 6614 (26%) 80,267 (20%)
Systolic BP 137 [126-150] 136 [125-149]
Diastolic BP 83 [76-90] 82 [75-89]
Diabetes mellitus 2009 (8%) 19,034 (5%)
Hemoglobin A1c, mmol/mol 35.9 35.1[32.7-37.7]
[33.3-38.8]
Cholesterol, mmol/L
Total cholesterol 5.62 5.66[4.92-6.42]
[4.84-6.43]
LDL cholesterol 3.50 3.52[2.95-4.12]
[2.89-4.12]
HDL cholesterol 1.37 1.40[1.18-1.68]
[1.14-1.66]
Kidney function variables
eGFR, ml/min per 1.73 m? 92.9 92.6 [82.9-99.8]
[82.6-100.2]
Urine microalbumin-creatinine 9.52 9.77 [6.12-16.49]
ratio, mg/g [5.97-16.39]
Prevalent CKD stages 3-5 713 (3%) 8830 (2%)

10,749 (42%)

130,295 (32%)

12,596 (35%)
16,979 (48%)
6029 (17%)
61 [53-66]
15,607 (44%)

18,033 (51%)
13,214 (37%)
4261 (12%)
3[2-5]

27.4
[24.6-30.8]
10,528 (30%)
92 [82-101]
14,668 (41%)

3490 (10%)
10,039 (28%)
138 [126-151]

82 [76-89]

3127 (9%)

35.6

[33.1-38.7]

5.60
[4.79-6.44]
3.48
[2.87-4.13]
1.36
[1.14-1.63]

90.6
[79.5-98.0]
9.73
(6.14-16.62]
1560 (4%)

significantly associated with higher
odds of experiencing a rapid eGFR de-
cline.> Two previous studies including
patients with CKD reported that poor
sleep was associated with CKD progres-
sion or the risk of ESKD.%7 Our study
results support those findings, mainly
focusing on short sleep duration, and
causal effects of short sleep duration on
CKD have been demonstrated. The
strengths of our study are that we
showed a clinical association between
sleep duration and the prevalence of
CKD in a large-scale general population
cohort, assessed hard outcomes such as
CKD or ESKD, and performed MR anal-
ysis to suggest causal effects of short
sleep duration on CKD.

An MR study needs to fulfill three as-
sumptions to reveal causal effects of
modifiable environmental factors on
complex diseases: (I) the genetic instru-
ment should be strongly associated with
the assessed exposure phenotypes (the
relevance assumption), (2) the genetic
instrument should affect the risk of
disease only through the exposure
phenotype (the exclusion restriction
assumption), and (3) the genetic instru-
ment should be independent of con-
founders and horizontal pleiotropy (the
independence assumption).® The genetic
instrument used in this study was report-
ed to be strongly associated with the sleep
duration phenotypes, both self-reported
and objectively measured,?® so the rele-
vance assumption was met. Although the
exclusion restriction assumption cannot
be directly tested, short sleep may be a
plausible exposure to be linked to CKD
considering the previous findings. In ad-
dition, we performed sensitivity analysis
omitting SNPs that were strongly associ-

ESKD outcome when the analysis was limited to participants
who were men. In the genetic analysis, genetically predicted
short sleep duration was significantly related to higher odds
for CKD, and the results were replicated with the independent
GWAS summary statistics for CKD outcome. As the clinical
results are supported by the analysis using inborn genetic in-
struments, which are less influenced by confounding or re-
verse causation, our study supports causal effects of short sleep
duration on CKD.

Previous studies reported an association between poor
sleep and kidney function. A previous study including over
4000 women reported that a sleep duration <6 hours was

6 JASN

ated with major confounders or directly adjusting for the pos-
sible confounders. Furthermore, our two-sample MR results
tested the MR-Egger regression, a method that is known to be
less pleiotropy biased, yielding consistent positive results for
causal estimates of short sleep on CKD. Thus, the indepen-
dence assumptions would have been attained, suggesting that
our MR analysis demonstrated the causal effects of short sleep
duration on CKD.?

In our clinical analysis, short sleep duration was associated
with higher prevalence of CKD, showing the presence of an
observational association between the two factors. However,
the association was insignificant after a stringent adjustment
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Table 2. Results from the cross-sectional analysis for CKD outcomes and survival analysis for incident ESKD outcome

Outcome and Exposure®

Univariable Model

Multivariable Model 1°

Multivariable Model 2¢

OR or HR (95% ClI) P Value Adjusted OR or HR (95% ClI) P Value Adjusted OR or HR (95% CI) P Value
Total participants, n=465,814
CKD stages 3-5 (N of patients =11,103)
Short sleep, <6 h 1.28 (1.19 to 1.39) <0.001 1.27 (1.17 to 1.37) <0.001 1.07 (0.99 to 1.16) 0.08
Long sleep, =9 h 2.05 (1.94 to 2.17) <0.001 1.50 (1.42 to 1.59) <0.001 1.36 (1.28 to 1.44) <0.001
CKD with eGFR=45 (N of patients =9184)
Short sleep, <6 h 1.21(1.11t0 1.32) <0.001 1.19 (1.09 to 1.29) <0.001 1.03 (1.21 to 1.38) 0.56
Long sleep, =9 h 1.90 (1.79 to 2.02) <0.001 1.41(1.33to 1.51) <0.001 1.29 (1.12t0 1.38) <0.001
Incident ESKD (N of patients =404)
Short sleep, <6 h 1.51(1.04 to 2.19) 0.03 1.41 (0.97 to 2.06) 0.07 1.23 (0.85 to 0.80) 0.28
Long sleep, =9 h 2.02 (1.52 t0 2.69) <0.001 1.24 (0.92 to 1.66) 0.16 1.13(0.84 to 1.52) 0.41
Participants who were men, n=213,512
CKD stages 3-5 (N of patients =5208)
Short sleep, <6 h 1.27 (1.13 t0 1.42) <0.001 1.38(1.22 to 1.55) <0.001 1.16 (1.03 to 1.31) 0.02
Long sleep, =9 h 2.33(2.15t0 2.52) <0.001 1.53(1.42 to 1.66) <0.001 1.36 (1.25 to 1.48) <0.001
CKD with eGFR=45 (N of patients =4175)
Short sleep, <6 h 1.19 (1.04 to 1.36) 0.01 1.30(1.14 to 1.49) <0.001 1.12 (0.98 to 1.28) 0.10
Long sleep, =9 h 2.18 (2.00 to 2.39) <0.001 1.44 (1.32 to 1.58) <0.001 1.30 (1.19 to 1.43) <0.001
Incident ESKD (N of patients =259)
Short sleep, <6 h 2.00 (1.30 to 3.09) 0.002 1.94 (1.25 t0 2.99) 0.003 1.72 (1.1 to 2.67) 0.01
Long sleep, =9 h 2.73 (1.96 to 3.80) <0.001 1.61(1.14 to 2.28) 0.007 1.51 (1.07 to 2.14) 0.02
Participants who were women, n=252,302
CKD stages 3-5 (N of patients n=5895)
Short sleep, <6 h 1.30 (1.17 to 1.44) <0.001 1.19(1.07 to 1.32) 0.001 1.02 (0.92 to 1.13) 0.71
Long sleep, =9 h 1.83(1.70 to 1.98) <0.001 1.47 (1.35to 1.59) <0.001 1.34 (1.24 to 1.46) <0.001
CKD with eGFR=45 (N of patients n=5009)
Short sleep, <6 h 1.22 (1.08 to 1.36) 0.001 1.11(0.99 to 1.25) 0.07 0.97 (0.86 to 1.09) 0.62
Long sleep, =9 h 1.69 (1.55 to 1.84) <0.001 1.38 (1.26 to 1.50) <0.001 1.28 (1.17 to 1.40) <0.001
Incident ESKD (N of patients =145)
Short sleep, <6 h 0.86 (0.40 to 1.84) 0.69 0.80(0.37 to 1.72) 0.57 0.68 (0.31 to 1.47) 0.32
Long sleep, =9 h 1.13 (0.64 t0 2.01) 0.67 0.74 (0.41 to 1.35) 0.33 0.66 (0.36 to 1.21) 0.18

Pooled results after multiple imputation by the chained equation method are presented. eGFR is in milliliters per minute per 1.73 m?. OR, odds ratio; HR, hazard ratio; 95% Cl, 95% confidence interval.?The

reference group for the logistic regression and Cox regression analysis was the intermediate-sleep group (6-8 h of sleep). The CKD outcomes were analyzed by logistic regression analysis. In the analysis for CKD
with eGFR=45 ml/min per 1.73 m? outcome, those with lower eGFR (<45 ml/min per1.73 m?) were not included (n=1919), and we included those with CKD with =45 ml/min per1.73 m? (patients) or without CKD
(controls) to limit the CKD outcome to those without profoundly reduced eGFR. The incident ESKD outcome was analyzed by Cox regression analysis, excluding 581 participants with eGFR<15 ml/min per 1.73 m?

or prevalent ESKD history.

PMultivariable model 1 for CKD outcome was adjusted for age, sex, smoking history (nonsmoker, ex-smoker, or current smoker), habitual naps (never/rarely, sometimes, or usually), or snoring. When analyzing the

incident ESKD outcome, the baseline eGFR and urine microalbumin-creatinine ratio were added to the model.

“Multivariable model 2 for CKD outcome was adjusted for age, sex, body mass index, waist circumference, smoking history (nonsmoker, ex-smoker, or current smoker), frequency of moderate physical activity per
week (days), previous history of cardiovascular disease (angina, heart attack, or stroke), hypertension, systolic BP, diastolic BP, diabetes mellitus, hemoglobin Alc, total cholesterol, LDL, HDL, and self-reported
habitual naps (never/rarely, sometimes, or usually) or snoring. When analyzing the incident ESKD outcome, age, sex, baseline eGFR, urine microalbumin-creatinine ratio, body mass index, smoking history, history
of cardiovascular disease, hypertension, diabetes mellitus, and habitual naps or snoring were adjusted for the multivariable model.
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Figure 2. Kaplan—Meier survival curves for incident ESKD outcome showed that inappropriate sleep duration was associated with
higher ESKD risk, particularly in men. The x axes indicate time (years), and the y axes indicate cumulative ESKD-free survival (per-
centages). The survival tables showing the number at risk are presented below the graphs.

including metabolic parameters in women. However, as the
prevalence of CKD cannot directly reflect the risks as an in-
cident outcome can and the association was significant in
the less stringent multivariable model, the clinical association
between short sleep and CKD could still be interpreted as
being present in women. It may be possible that obesity or
other metabolic disorders are mediators for the association
between sleep duration and CKD; thus, the stringent model
results may not completely disregard the clinical association
between short sleep duration and CKD in women. In addition,
the association between short sleep duration and kidney func-
tion impairment in women is supported by a previous study
investigating rapid eGFR decline outcomes within women.”
On the other hand, the risk of incident ESKD was significantly
associated with inappropriate sleep duration in men but not
in women. That the number of subjects who were men with
incident ESKD was approximately double the number of
women might have caused the risk of ESKD to be relatively
well discriminated in the participants who were men with
regard to sleep exposure. As the genetic analysis showed that
short sleep causally affects CKD in both sexes, it may be
necessary to pay attention to an appropriate sleep duration
in relation to kidney function regardless of sex. A future
longitudinal study including subjects with a higher baseline
risk of CKD or ESKD than the general population as in-
cluded in our study may be able to additionally assess the
risk of kidney function impairment according to an inap-
propriate sleep duration stratified by various clinical
characteristics.

Previous studies suggested that short sleep periods may
cause impairment in metabolic health, including impaired
glucose metabolism3%3! or obesity.>? Such biologic pathways
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may be the reason why short sleep periods may causally affect
myocardial infarction or CKD,? further suggesting that clini-
cians should pay attention to worsening metabolic parameters
in those who sleep short. On the other hand, genetically pre-
dicted long sleep duration was not associated with CKD,
although its clinical significance was present. The possible
reason may be that the genetic instrument included fewer
SNPs, resulting in weak instrument bias.?3 Alternately, as a
hypothesis, long sleep duration may be less determined by
genetic factors than short sleep duration, and the association
between long sleep duration and CKD is mainly derived from
coexisting confounders. As there was a higher proportion of
those who napped or snored in the long-sleep duration group,
other disturbances in sleep during the nighttime (e.g., obstruc-
tive sleep apnea) may be the main cause of long sleep duration
and the observed clinical associations related to this factor.
Our study has several limitations. First, the genetic anal-
ysis was limited to subjects of European ancestry, so the
results may not be generalizable to populations of other eth-
nicities. Second, the study does not provide direct insights
into the mechanisms underlying the adverse effects of short
sleep duration on kidney function. In addition, other impor-
tant sleep dimensions (e.g., sleep apnea) related to metabolic
disorders or CKD should also be investigated for their causal
effects on CKD and for their associations with sleep duration.
Third, the difference in the identified clinical associations
with kidney function impairment according to sex is not
conclusive, and this might have been related to the relatively
low number of patients with CKD or incident ESKD in the
studied cohort. Lastly, the clinical analysis used self-reported
sleep duration, so the validity of the information is not secured.
There is the possibility that persons with disease subjectively
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Table 3. Risk of CKD outcomes according to GRSs for short sleep duration or long sleep duration

Main Analysis® Sensitivity Analysis 1°

Adjusted OR (95% Cl) P Value Adjusted OR (95% ClI) P Value Adjusted OR (95% CI) P Value

Sensitivity Analysis 2¢

Exposure, Subgroups, and Outcomes

GRS for short sleep duration
Total genotyped (n=321,260)

CKD stages 3-5 1.80 (1.25 to 2.60) 0.002 1.92 (1.25 to 2.96) 0.003 1.73(1.20 to 2.52) 0.004
CKD with eGFR=45¢ 1.88 (1.26 to 2.79) 0.002 2.04 (1.27 to 3.27) 0.003 1.83(1.22 to 2.74) 0.003
Men genotyped (n=148,836)
CKD stages 3-5 1.77 (1.04 to 3.01) 0.04 1.57 (0.84 to 2.95) 0.16 1.76 (1.02 to 3.03) 0.04
CKD with eGFR=45¢ 1.91 (1.06 to 3.45) 0.03 1.76 (0.87 to 3.53) 0.1 1.89 (1.03 to 3.44) 0.04
Women genotyped (n=172,424)
CKD stages 3-5 1.85(1.12 to 3.05) 0.02 2.33(1.29t0 4.22) 0.005 1.76 (1.06 to 2.92) 0.03
CKD with eGFR=45¢ 1.87 (1.09 to 3.21) 0.02 2.36 (1.24 t0 4.47) 0.009 1.83 (1.06 to 3.15) 0.03
GRS for long sleep duration
Total genotyped (n=321,260)
CKD stages 3-5 1.15(0.73 to 1.81) 0.56 1.24 (0.74 to 2.06) 0.42 1.16 (0.73 to 1.85) 0.53
CKD with eGFR=45¢ 1.03 (0.63 to 1.70) 0.90 1.10 (0.63 t0 1.93) 0.74 1.09 (0.66 to 1.81) 0.75

Men genotyped (n=148,836)
CKD stages 3-5
CKD with eGFR=454

Women genotyped (n=172,424)
CKD stages 3-5 1.44 (0.78 to 2.68) 0.25 1.83 (0.92 to 3.67) 0.09
CKD with eGFR=45¢ 1.23 (0.63 to 2.40) 0.55 1.64 (0.78 to 3.47) 0.20

eGFR is in milliliters per minute per 1.73 m?. OR, odds ratio; 95% Cl, 95% confidence interval.

®Main analysis results were adjusted for age, sex, genotype measurement batch, and the first ten principal components of the genetic information.

PSensitivity analysis 1 was performed with recalculated GRSs after excluding SNPs that were in genome-wide significant (P<0.001) association with hypertension,
diabetes, obesity, or current smoking from the genetic instruments. The process excluded four SNPs (rs13107325, rs2820313, rs2014830, and rs1176350) from the
genetic instrument for short sleep and one SNP (rs17817288) from the genetic instrument for long sleep.

“Sensitivity analysis 2 was performed by adding phenotypical hypertension, diabetes, obesity, and smoking history to the main analysis model. The analysis was
performed with 316,688 individuals (146,280 men and 170,408 women) with phenotypic information in the covariates.

9Inthe analysis for CKD with e GFR=45 ml/min per 1.73 m? outcome, those with lower eGFR (<45 ml/min per1.73 m?2) were notincluded (n=1276), and we included
those with CKD with =45 ml/min per 1.73 m?2 or without CKD to limit the CKD outcome to those without profoundly reduced eGFR.

0.88 (0.45t0 1.73) 0.71
0.84 (0.40 to 1.79) 0.65

0.78 (0.36 to 1.67) 0.52
0.67 (0.29 to 1.57) 0.36

0.95(0.47t0 1.89) 0.88
0.95(0.441t02.03) 0.89

1.38 (0.74 to 2.60) 0.31
1.22 (0.62 to 2.41) 0.56

duration,?° showing possible causal effects of short sleep
duration on CKD may support that no substantial bias
would have occurred from the potential measurement error.

reporting inappropriate sleep duration might cause type 1
error. However, the MR results, on the basis of the genetic
instrument validated by accelerometry-determined sleep

Chronic kidney disease

Inverse variance weighted H—|
Maximal-likelihood - o
Short-sleep (25/27 SNPs)
MR-Egger - P .
weighted-median - P—e—|
Inverse variance weighted - —e
Maximal-likelihood - O
Long-sleep (7/8 SNPs)
MR-Egger - ——
weighted-median - —e—h
T 1
0 1 2 3

OR (95% Cl)

Figure 3. Two-sample MR analysis results supported the causal effects of short sleep duration on CKD. The genetic instrument in-
cluded 25 of 27 and seven of eight SNPs for short-sleep and long-sleep traits, respectively. The causal estimates were derived from the
CKDGen meta-analysis summary statistics for CKD from subjects of European ancestry. The estimates were multiplied by 0.693 to show
the causal effects of a two-fold increase in odds for exposure phenotypes. The circles indicate the odds ratios (OR), and error bars
indicate the 95% confidence interval (95% Cl). The black circles indicate that the causal estimates were significant.
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Table 4. Causal estimates from the two-sample MR analysis

With Available SNPs?

After Excluding Confounder-Associated SNPs®

Exposure and Methods

B< SEM* P Value B SEM* P Value

Short sleep

Inverse variance weighted 0.096 0.044 0.03 0.101 0.048 0.04

Maximum likelihood 0.099 0.045 0.03 0.103 0.049 0.04

MR-Egger® 0.552 0.214 0.02 0.490 0.245 0.06

Weighted median 0.099 0.062 0.1 0.076 0.068 0.27
Long sleep

Inverse variance weighted —0.062 0.051 0.22 —0.054 0.051 0.31

Maximum likelihood —0.063 0.051 0.22 —0.054 0.051 0.31

MR-Egger® —-0.032 0.152 0.06 —-0.093 0.152 0.65

Weighted median —0.095 0.062 0.13 —-0.095 0.062 0.15

®Among the short-sleep geneticinstruments, rs2186122 and rs9367621 were notincluded because they were palindromic SNPs with intermediate allele frequency.
Forlong-sleep genetic instruments, one SNP, rs549961083, was not included in the genetic instrument because the estimates of the SNP were not presented in the

independent CKDGen GWAS summary statistics.

PThe analysis was performed after excluding SNPs that were in genome-wide significant (P<0.001) association with hypertension, diabetes, obesity, or current
smoking from the genetic instruments. The process excluded four SNPs (rs13107325, rs2820313, rs2014830, and rs1176350) from the genetic instrument for short

sleep and one SNP (rs17817288) from the genetic instrument for long sleep.

“The causal estimates were scaled to the increase in the odds of an outcome per doubling of the odds of exposure of interest by multiplying the coefficients by

0.693.

9The MR-Egger test for directional pleiotropy indicated significant pleiotropy (P=0.04) in the main analysis of short sleep. In the sensitivity analysis, the test in-
dicated insignificant pleiotropy (P=0.12). On the other hand, the results from the pleiotropy test with the genetic instrument for long sleep did not show significant

P values in the main analysis (P=0.84) or in the sensitivity analysis (P=0.84).

In conclusion, self-reported and genetically predicted short
sleep duration was associated with CKD, suggesting causal
effects of short sleep duration on CKD. Although a significant
observational association between long sleep duration and
CKD or ESKD was present, causal effects of long sleep were
not supported by the MR analysis. Health care providers may
recommend that people avoid short sleeping behavior to re-
duce the risk of CKD.
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Supplemental methods

Collection of data

The data from the UK Biobank consortium are available online (URL:
https://www.ukbiobank.ac.uk/data-showcase/), and the information is identified by field IDs. We used
the self-reported duration of sleep in hours to determine sleep exposure (Field ID 1160). Baseline
eGFR values were calculated from the information of serum creatinine levels (Field ID 30700) and
ethnicity (Field ID 21000). Age was determined by subtracting years of initial assessment center
(Field ID 53) visit with years of birth (Field ID 34). Raw data for the following information provided
by the UK Biobank were collected: sex (Field ID 31), smoking history (Field ID 20116, missing N =
1687), body mass index (Field ID 21,001, missing N = 1795), waist circumference (Field ID 48,
missing N = 954), total cholesterol (Field ID 30690, missing N = 140), HDL cholesterol (Field ID
30760, missing N = 39,456), LDL cholesterol (Field ID 30780, missing N = 916), and self-reported
frequency of moderate physical activity per week (Field ID 884, missing N = 23,196). A history of
cardiovascular disease was identified by angina, stroke or heart attack diagnosed by a doctor (Field ID
6150, missing N = 1008). Hypertension was determined when people reported a history of treatment
with hypertension medication (Field ID 6177 and 6153, missing N = 3342). A history of diabetes
mellitus was collected by self-report (Field ID 2443, missing N = 1378). Systolic and diastolic BP
were determined by the average of two automated measurements (Field ID 4080 and 4079, missing N
= 40,097 and 40,085, respectively), and those with a single missing measurement were considered
missing. Self-reported naps during the day (rarely/never, sometimes, usually; Field ID 1190, missing
N = 681) and snoring (Field ID 1210, missing N =32,915) were collected. Spot urine microalbumin-
to-creatinine ratios were calculated by dividing the microalbumin level (Field ID 30,500) by the urine
creatinine value (Field ID 30,510), scaled to a mg/g unit. Those with < 6.7 mg/L of urine
microalbumin, the low detection limit, were considered to have 6.7 mg/L of urine microalbumin

(missing N = 13,175).

Adjusted variables for the multivariable models

The first multivariable model was a less stringent model, and we aimed to adjust variables potentially
directly associated with sleeping habits: age, sex, smoking history, napping, and snoring. When
analyzing incident ESKD outcome, baseline eGFR and urine microalbumin-to-creatinine ratio values
were additionally adjusted to reflect baseline kidney function. The second multivariable model was
adjusted for all clinical covariates that might be confounders or potential mediators to examine a direct
association between sleep duration and outcomes. When analyzing incident ESKD, the number of
adjusted variables was reduced to ensure sufficient statistical power, as the outcome was relatively rarer

than CKD. Adjustment variables were selected based on clinical importance; we adjusted for age, sex,



previous major cardiovascular disease history (angina, heart attack, or stroke), hypertension, diabetes
mellitus, body mass index, smoking history, baseline eGFR, urine microalbumin-to-creatinine ratios,

nap habits, and self-reported snoring.



Supplemental Table 1. Genetic instruments implemented in the study and their association with each short

sleep duration or long sleep duration phenotype identified by Hassan S Dashti et al.

Phenotype of Effect

the gen?t)ic SNP Chr:position fﬁigt Slilelleer allele Info OR [95% CI] P

instrument frequency
rs2863957 2:114089551 C A 0.782 1.00 1.056 [1.041-1.071] | 2.60E-18
rs13107325 | 4:103188709 T C 0.075 1.00 1.078 [1.055-1.101] | 2.50E-13
rs1229762 7:114218582 T C 0.665 1.00 1.038[1.025-1.051] | 1.10E-12
rs1380703 2:57941287 G A 0.384 0.96 1.036 [1.024-1.049] | 1.60E-11
rs12963463 | 18:53099093 C T 0.299 0.97 1.029 [1.016-1.042] | 1.90E-11
rs75539574 | 2:58871658 A C 0.915 0.98 1.046 [1.024-1.068] | 8.40E-11
rs17388803 | 15:48027204 C A 0.106 0.96 1.054 [1.034-1.074] | 6.50E-10
rs4585442 5:135508381 G A 0.311 1.00 1.031[1.019-1.044] | 8.10E-10
rs1607227 11:28808617 G T 0.705 0.99 1.031[1.018-1.045] | 1.50E-09
rs2820313 1:201870221 G A 0.341 1.00 1.031[1.019-1.043] | 2.30E-09
rs17005118 | 4:82288564 A G 0.265 1.00 1.03 [1.017-1.044] 2.50E-09
rs5757675 22:39838892 G T 0.260 0.99 1.0351.021-1.048] | 2.70E-09
rs12567114 | 1:98527951 G A 0.725 0.99 1.037[1.024-1.051] | 4.10E-09

Short sleep | 1s142180737 | 6:28344731 C T 0.009 0.86 1.167 [1.097-1.242] | 4.40E-09
rs2186122 1:66470206 T A 0.562 0.99 1.024 [1.012-1.036] | 4.80E-09
rs11763750 | 7:2080114 G A 0.814 1.00 1.036 [1.02-1.051] 5.10E-09
rs12518468 | 5:7249696 C T 0.328 0.99 1.0321.019-1.044] | 8.50E-09
rs9367621 6:55040290 T A 0.431 1.00 1.024[1.013-1.036] | 1.60E-08
rs3776864 5:102327868 A C 0.667 1.00 1.032[1.019-1.045] | 1.70E-08
rs60882754 | 8:52886619 A T 0.939 1.00 1.057[1.032-1.083] | 1.80E-08
rs59779556 | 16:56227965 T G 0.554 1.00 1.025[1.013-1.037] | 2.00E-08
rs2014830 3:50172397 C T 0.698 0.99 1.03 [1.017-1.043] 2.70E-08
rs205024 17:11227352 C T 0.617 1.00 1.031[1.018-1.043] | 2.70E-08
rs12661667 | 6:41792545 T C 0.263 1.00 1.028 [1.015-1.042] | 2.80E-08
rs7939345 11:47980568 T G 0.208 1.00 1.036 [1.021-1.05] 4.00E-08
rs9321171 6:129848635 C T 0.540 0.99 1.032 [1.02-1.044] 4.20E-08
rs7524118 1:34736052 C T 0.708 1.00 1.03 [1.017-1.043] 4.90E-08
rs6737318 2:114083120 G A 0.222 0.99 1.079 [1.056-1.103] | 3.40E-13
rs75458655 | 11:118115331 T C 0.023 1.00 1.203 [1.136-1.275] | 5.40E-12
rs17688916 | 17:43778680 T A 0.796 0.96467 1.074 [1.048-1.1] 1.10E-11

Long sleep rs17817288 | 16:53807764 A G 0.518 1.00 1.04 [1.021-1.059] 8.90E-09
rs549961083 | 5:58184093 T C 0.001 0.868466 | 1.705[1.357-2.143] | 9.60E-09
rs3751046 11:122828342 G A 0.147 0.99 1.072 [1.044-1.099] | 2.00E-08
rs7534398 1:7767464 A T 0.201 0.99 1.048 [1.024-1.072] | 2.10E-08
rs10899257 | 11:76415209 A G 0.144 1.00 1.07 [1.043-1.098] 4.60E-08

Reference: Dashti HS, Jones SE, Wood AR, et al. Genome-wide association study identifies genetic loci for

self-reported habitual sleep duration supported by accelerometer-derived estimates. Nat Commun.

2019;10:1100.



Supplemental Table 2. Clinical analysis results with the multivariable models constructed by the complete-

case method.

Subjects, outcomes and | Multivariable model 1° Multivariable model 2°
exposures OR or HR (95% CI) P Adjusted OR or HR | P
(95% CI)
Total participants®
CKD stage 3-5
Short sleep (< 6 hrs) 1.25 (1.15-1.36) <0.001 1.05 (0.94-1.16) 0.42
Long sleep (=9 hrs) 1.51 (1.42-1.60) <0.001 1.33 (1.24-1.44) <0.001
CKD with eGFR > 45
Short sleep (< 6 hrs) 1.18 (1.07-1.30) 0.001 1.01 (0.90-1.13) 0.88
Long sleep (= 9 hrs) 1.42 (1.33-1.52) <0.001 1.27 (1.17-1.37) <0.001
Incident ESKD
Short sleep (< 6 hrs) 1.58 (0.94-2.63) 0.08 1.51 (0.90-2.53) 0.12
Long sleep (=9 hrs) 1.42 (0.98-2.07) 0.07 1.29 (0.89-1.89) 0.18
Male participants®
CKD stage 3-5
Short sleep (< 6 hrs) 1.35 (1.19-1.53) <0.001 1.21 (1.04-1.40) 0.01
Long sleep (= 9 hrs) 1.52 (1.39-1.65) <0.001 1.32 (1.19-1.46) <0.001
CKD with eGFR > 45
Short sleep (< 6 hrs) 1.27 (1.11-1.47) 0.001 1.17 (0.99-1.38) 0.07
Long sleep (=9 hrs) 1.43 (1.30-1.57) <0.001 1.28 (1.14-4.44) <0.001
Incident ESKD
Short sleep (< 6 hrs) 2.10 (1.18-3.73) 0.01 2.02 (1.13-3.62) 0.02
Long sleep (=9 hrs) 1.66 (1.06-2.62) 0.03 1.50 (0.95-2.37) 0.08
Female participants®
CKD stage 3-5
Short sleep (< 6 hrs) 1.18 (1.05-1.32) 0.004 0.97 (0.85-1.12) 0.71
Long sleep (=9 hrs) 1.49 (1.38-1.62) <0.001 1.32 (1.19-1.46) <0.001
CKD with eGFR > 45
Short sleep (< 6 hrs) 1.12 (0.99-1.26) 0.08 0.93 (0.80-1.09) 0.37
Long sleep (=9 hrs) 1.40 (1.28-1.54) <0.001 1.23 (1.10-1.38) <0.001
Incident ESKD
Short sleep (< 6 hrs) 0.86 (0.27-2.75) 0.80 0.81 (0.25-2.60) 0.72
Long sleep (=9 hrs) 1.17 (0.58-2.32) 0.66 1.09 (0.54-2.18) 0.81

OR = odds ratio, HR = hazard ratio, CI = confidence interval, CKD = chronic kidney disease, eGFR = estimated glomerular filtration rate, ESKD
= end-stage kidney disease

3As the analysis was performed by the complete-case method, those with missing covariates were not included. The number of subjects (cases)
was 430,998 (10,140 CKD stage 3-5 cases), including 200,232 (5318 CKD stage 3-5 cases) males and 230,766 (4822 CKD stage 3-5 cases) females
for multivariable model 1. The number of subjects (cases) was 321,493 (7211 CKD stage 3-5 cases), including 152,370 (3539 CKD stage 3-5
cases) males and 169,123 (3672 CKD stage 3-5 cases) females for multivariable model 2. A total of 530 and 378 subjects with baseline eGFR <
15 mL/min/1.73 m? or prevalent ESKD history were not included when analyzing incident ESKD outcome by multivariable models 1 and 2,
respectively.

"Multivariable model 1 for CKD outcome was adjusted for age, sex, smoking history (nonsmoker, ex-smoker, current-smoker), habitual naps
(never/rarely, sometimes, usually), or snoring. When analyzing incident ESKD outcome, baseline eGFR and the urine microalbumin-to-creatinine
ratio were added to the model.

“Multivariable model 2 for CKD outcome was adjusted for age, sex, body mass index, waist circumference, smoking history (nonsmoker, ex-
smoker, current-smoker), frequency of moderate physical activity per week (days), previous history of cardiovascular disease (angina, heart attack
or stroke), hypertension, systolic BP, diastolic BP, diabetes mellitus, hemoglobin Alc, total cholesterol, low-density lipoprotein, and high-density
lipoprotein levels, as well as self-reported habitual naps (never/rarely, sometimes, usually) or snoring. When analyzing incident ESKD outcome,
age, sex, baseline eGFR, urine microalbumin-creatinine ratio, body mass index, smoking history, history of cardiovascular disease, hypertension,
diabetes mellitus, and habitual naps or snoring were adjusted for the multivariable model.



Supplemental Table 3. Association between the SNPs included in the genetic instruments and possible major confounders.

Diabetes mellitus Hypertension Obesity Current smoking
Phen_otype of the SNP Effect Lowest P
genetic instrument allele | Beq Standard P Beta Standard P Beta Standard P Beta Standard P
error error error error
rs13107325 | T 0.085 0.021 | 5.751E-05 | -0.064 0.012 | 1.327E-07 |  0.090 0.011 | 4.289E-17 | -0.046 0.016 | 3.399E-03 | 4.289E-17
rs2820313 | G 0.024 0.012 | 4.9458-02 | 0.023 0.007 | 5.143E-04 |  0.050 0.006 | 1.314E-16 | 0.026 0.009 | 2.478E-03 | 1.314E-16
rs2014830 | T 0.073 0.013 | 9.305E-09 | -0.026 0.007 | 1.343E-04 | -0.043 0.006 | 9.324E-12 | -0.013 0.009 | 1.536E-01 | 9.324E-12
rs11763750 | A -0.060 0.015 | 6.444E-05 | -0.048 0.008 | 5.374E-09 | -0.045 0.007 | 1.500E-09 | 0.001 0.011 | 8.941E-01 | 1.500E-09
15142180737 | C 0.126 0.061 | 3.795E-02 | -0.007 0.035 | 8316E-01 | 0.157 0.031 | 2.720E-07 | 0.081 0.043 | 6.245E-02 | 2.720E-07
157939345 | T -0.009 0.014 | 5363E-01 | 0.038 0.008 |  1.040E-06 | -0.008 0.007 | 2.799E-01 | 0.028 0010 | 4.757E-03 | 1.040E-06
153776864 | C 0.052 0.012 | 1.941E-05 | 0.002 0.007 | 7.161E-01 | 0.015 0.006 | 1.329E-02 | 0.013 0.009 | 1.293E-01 | 1.941E-05
151229762 | C -0.022 0.012 | 7.0286-02 | -0.012 0.007 |  7.869E-02 |  0.000 0.006 | 9.612E-01 | -0.036 0.009 | 2.933E-05 | 2.933E-05
152186122 | A 20.019 0.012 | 9.501E-02 | -0.011 0.006 | 9.275E-02 | -0.023 0.006 | 7.033E05 | -0.019 0.008 | 2.100E-02 | 7.033E-05
151607227 | T 0.010 0.013 | 4.526E-01 | -0.014 0.007 | 3.858E-02 | -0.023 0.006 | 2.716E-04 | -0.012 0.009 | 1.977E-01 | 2.716E-04
151380703 | G -0.005 0.012 | 6.626E-01 | 0.015 0.007 |  2.159E-02 | 0.019 0.006 | 1.161E-03 | -0.006 0009 | 4.627E-01 | 1.161E-03
152863957 | A 0.011 0.014 | 4.134E-01 | -0.024 0.008 | 1.540E-03 | 0.001 0007 | 8.763E-01 | 0.001 0010 |  9.104E-01 | 1.540E-03
1575539574 | C 0.029 0.020 | 1.572B-01 | 0.018 0011 | 1.161E-01 | 0.022 0010 | 3.266E-02 | 0.017 0015 | 2438E-01 | 3.266E-02
Short sleep | rs12518468 | C -0.025 0.012 | 4235E-02 | -0.005 0.007 | 4.708E-01 | -0.006 0.006 | 3.131E01 | 0.017 0.009 | 4591E-02 | 4.235E-02
1312661667 | T -0.027 0.013 | 4.297E-02 |  0.000 0.007 | 9.764E-01 | -0.001 0.006 | 8295E-01 | -0.018 0.009 | 5.134E-02 | 4.297E-02
155757675 | G 0.008 0.013 | 5276E-01 | 0.014 0.007 | 4.551E-02 |  0.001 0.007 | 8.760E-01 | 0.013 0.009 | 1.743E-01 | 4.551E-02
1559779556 | G 20.019 0.012 | 1.002E-01 | 0.001 0.006 | 8.487E-01 | -0.010 0.006 | 6928802 | 0.012 0.008 | 1.282E-01 | 6.928E-02
157524118 | T -0.023 0.013 | 7.480E-02 | -0.003 0.007 |  6.944E-01 | -0.007 0.006 | 2.655E-01 | -0.011 0.009 | 1.996E-01 | 7.480E-02
1512963463 | C -0.023 0.013 | 7.6796-02 |  0.008 0.007 | 2.339E-01 |  0.006 0.006 | 3375B-01 | 0.009 0.009 |  3.093E-01 | 7.679E-02
1512567114 | A -0.022 0.013 | 8955E-02 | -0.001 0.007 | 9.085E-01 | -0.003 0.006 | 6.534E-01 | -0.009 0009 | 3.514E-01 | 8.955E-02
1560882754 | T 0.008 0.024 | 7.503E-01 | -0.005 0013 | 6.872E-01 | 0.019 0012 | 1.168E-01 | -0.005 0017 |  7.748E-01 | 1.168E-01
1517388803 | C 0.005 0.019 | 8.019E-01 | -0.016 0.010 | 1311E-01 | 0.001 0.010 | 8.765E-01 | 0.011 0014 | 4.149E-01 | 1.311E-01
159367621 | T 0.016 0.012 | 1.630E-01 | 0.004 0.006 | 4.956E-01 | -0.007 0.006 | 2.031E-01 | 0.001 0.008 | 8.943E-01 | 1.630E-01
15205024 T 0.015 0.012 | 1.958E-01 | 0.003 0.006 |  6.203E-01 | -0.002 0.006 | 6.764E-01 | 0.011 0.008 | 1.805E-01 | 1.805E-01
154585442 | G 0.009 0.012 | 4917E-01 |  0.009 0.007 |  2.076E-01 | -0.007 0.006 | 2.713E01 | -0.001 0.009 | 8.825E-01 | 2.076E-01
159321171 | T 0.010 0.012 | 3.725E-01 | -0.005 0.006 | 4.504E-01 | -0.002 0.006 | 6.658E-01 | -0.004 | 0008 | 6.101E-01 | 3.725E-01
1517005118 | A 0.002 0.013 | 9.065E-01 | -0.002 0.007 |  8.125E-01 | 0.000 0.006 | 9392E-01 | 0.007 0009 | 4.447E-01 | 4.447E-01
1517817288 | G 0.090 0.011 | 6.869E-15 | 0.040 0.006 | 2.145E-10 | 0.117 0.006 | 1.109E93 | 0.005 0.008 | 5213E-01 | 1.109E-93
1517688916 | A 20.005 0.014 | 7.549E01 | -0.035 0.008 | 1.076E-05 | 0.009 0.007 | 23I8E01 | -0.023 0010 | 2.806E-02 | 1.076E-05
16737318 | G 0.012 0.014 | 3.816E-01 | -0.024 0.008 | 1.534E-03 | 0.001 0.007 | 8.760E-01 | 0.001 0010 | 9.096E-01 | 1.534E-03
1510899257 | A 20.044 0.017 | 8.623E-03 | 0.011 0.009 | 2.334E-01 | -0.004 0.008 | 5.885E01 | -0.004 | 0012 | 7.550E-01 | 8.623E-03
Longsleep = maseess 1 0.020 0.038 | 6.109E-01 | 0.026 0021 | 2.199E-01 | 0.006 0.019 | 7368E-01 | 0.042 0027 | L.I99E-01 | 1.199E-01
15549961083 | T 0.145 0.152 | 3413E-01 | 0.106 0.086 | 2.182E-01 | -0.070 0.081 | 3.910E0I | 0.032 0.111 | 7.763E-01 | 2.182E-01
157534398 | A 0.000 0.014 | 9.966E-01 | 0.004 0.008 | 5.738E-01 | 0.008 0.007 | 2.560E-01 | -0.001 0.010 | 8.888E-01 | 2.560E-01
153751046 | G 0.017 0.016 | 2.896E-01 | 0.001 0.009 | 8.865E-01 | 0.000 0.008 | 9.614E01 | 0.012 0012 | 2.776E01 | 2.776E-01

GWAS was performed with the SNPs included in the genetic instrument for diabetes, hypertension, obesity, and current smoking by logistic regression analysis adjusted for age, sex, and the first 20
principal components of the genetic information. The SNPs that reached genome-wide significance (P < 5x107%) were excluded from the genetic instrument in the sensitivity analysis, and the SNPs are
highlighted in color.



Supplemental Table 4. Association between CKD stages 3-5 and SNPs included in the

genetic instruments.

Phenotype of the SNP Effect Other Standard
genetic instrument allele allele Beta error P
rs7524118 T C -0.022 0.018 0.218
rs2186122 A T -0.014 0.017 0.399
rs12567114 | A G -0.014 0.019 0.455
rs2820313 G A -0.002 0.017 0.887
rs1380703 G A 0.010 0.017 0.568
175539574 | C A -0.007 0.030 0.826
rs2863957 A C -0.002 0.020 0.929
rs2014830 T C -0.035 0.018 0.052
rs17005118 | A G -0.034 0.019 0.072
rs13107325 | T C 0.024 0.031 0.434
rs12518468 | C T -0.019 0.018 0.280
rs3776864 C A -0.019 0.018 0.289
rs4585442 G A 0.018 0.018 0.318
Short sleep rs142180737 | C T 0.058 0.090 0.522
rs12661667 | T C 0.007 0.019 0.719
rs9367621 T A 0.025 0.017 0.131
rs9321171 T C 0.024 0.017 0.142
rs11763750 | A G 0.013 0.021 0.550
rs1229762 C T -0.013 0.017 0.453
rs60882754 | T A -0.026 0.035 0.461
rs1607227 T G -0.024 0.018 0.182
17939345 T G 0.036 0.020 0.076
rs17388803 | C A 0.052 0.027 0.052
1s59779556 | G T -0.034 0.017 0.040
rs205024 T C -0.031 0.017 0.068
rs12963463 | C T 0.011 0.018 0.539
1s5757675 G T 0.001 0.019 0.963
rs10899257 | A G 0.051 0.023 0.026
rs17688916 | A T 0.011 0.021 0.593
rs17817288 | G A 0.006 0.016 0.720
Long sleep rs3751046 G A 0.003 0.023 0.895
1549961083 | T C -0.053 0.236 0.823
rs6737318 G A -0.004 0.020 0.836
rs7534398 A T 0.012 0.021 0.565
rs75458655 | T C 0.015 0.055 0.783

GWAS was performed with the SNPs included in the genetic instrument for CKD stage 3-5 outcome,
adjusted for age, sex, and the first 20 principal components of the genetic information.



Supplemental Table 5. Leave-one-out analysis results of the two-sample MR analysis.

Phenotype of Inverse variance weighted MR-Egger

the genetic SNP Standard Standard

instfument Beta error P Beta error P
rs11763750 0.093 0.045 0.037 0.550 0.219 0.020
1rs1229762 0.101 0.045 0.025 0.558 0.219 0.018
rs12518468 0.118 0.045 0.009 0.530 0.206 0.017
512567114 0.094 0.045 0.037 0.549 0.219 0.020
1512661667 0.114 0.044 0.010 0.506 0.212 0.026
1512963463 0.097 0.045 0.029 0.560 0.220 0.018
rs13107325 0.083 0.045 0.064 0.530 0.244 0.041
rs1380703 0.097 0.045 0.032 0.551 0.219 0.020
5142180737 0.073 0.045 0.102 0.365 0.243 0.147
rs1607227 0.093 0.045 0.036 0.562 0.218 0.017
rs17005118 0.095 0.045 0.033 0.562 0.219 0.018
rs17388803 0.099 0.045 0.028 0.604 0.226 0.014

Short sleep rs2014830 0.119 0.045 0.008 0.510 0.205 0.021
15205024 0.105 0.045 0.019 0.544 0.219 0.021
152820313 0.094 0.045 0.035 0.561 0.218 0.018
152863957 0.091 0.046 0.049 0.622 0.244 0.018
153776864 0.080 0.045 0.074 0.574 0.204 0.010
rs4585442 0.092 0.045 0.040 0.565 0.217 0.016
rs5757675 0.097 0.045 0.029 0.552 0.219 0.020
159779556 0.095 0.044 0.032 0.593 0.222 0.014
rs60882754 0.099 0.044 0.026 0.592 0.223 0.015
157524118 0.103 0.045 0.021 0.546 0.220 0.021
1575539574 0.105 0.044 0.018 0.591 0.215 0.012
157939345 0.070 0.045 0.115 0.537 0.187 0.009
19321171 0.102 0.045 0.024 0.550 0.219 0.020
rs10899257 -0.058 0.055 0.287 -0.028 0.154 0.864
rs17688916 -0.053 0.055 0.333 -0.019 0.155 0.906
rs17817288 -0.054 0.053 0.313 -0.093 0.193 0.654

Long sleep rs3751046 -0.064 0.055 0.241 -0.033 0.154 0.840
rs6737318 -0.046 0.059 0.431 0.000 0.162 0.999
157534398 -0.081 0.053 0.122 0.034 0.159 0.840
1575458655 -0.076 0.054 0.160 -0.154 0.220 0.523

SNP = single nucleotide polymorphism.

The two-sample MR analysis was repeated by omitting each SNP from the genetic instrument for exposure by the
fixed-effects inverse variance weighted method or by MR-Egger regression.



Supplemental Figure 1. General additive model plotting the U-shaped association between self-reported

sleep duration and age-sex probabilities of prevalent CKD stages 3-5.
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