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ABSTRACT
Evidence suggests that sleep disorders are common in individuals with CKD, but the inﬂuence of sleep duration
and quality on CKD progression is unknown. We examined the association of habitual sleep duration and quality
with CKD progression in 431 Chronic Renal Insufﬁciency Cohort (CRIC) Study participants, of whom 48% were
women and 50% had diabetes (mean age of 60 years old, mean eGFR =38 ml/min per 1.73 m2, and median urine
protein-to-creatinine ratio [UPCR] =0.20 g/g). We assessed sleep duration and quality by 5–7 days of wrist
actigraphy and self-report. Primary outcomes were incident ESRD, eGFR slope, log-transformed UPCR slope,
and all-cause death. Participants slept an average of 6.5 hours per night; mean sleep fragmentation was 21%.
Over a median follow-up of 5 years, we observed 70 ESRD events and 48 deaths. In adjusted analyses, greater
sleep fragmentation associated with increased ESRD risk (hazard ratio, 1.04; 95% conﬁdence interval, 1.01 to
1.07 per 1% increase in fragmentation). In adjusted mixed effects regression models, shorter sleep duration (per
hour less) and greater sleep fragmentation (per 1% more) each associated with greater eGFR decline (21.12 and
20.18 ml/min per 1.73 m2 per year, respectively; P=0.02 and P,0.01, respectively) and greater log UPCR slope
(0.06/yr and 0.01/yr, respectively; P=0.02 and P,0.001, respectively). Self-reported daytime sleepiness associated with increased risk for all-cause death (hazard ratio, 1.11; 95% conﬁdence interval, 1.02 to 1.20 per onepoint increase in the Epworth Sleepiness Scale score). These ﬁndings suggest that short and poor-quality sleep
are unrecognized risk factors for CKD progression.
J Am Soc Nephrol 28: 3708–3715, 2017. doi: https://doi.org/10.1681/ASN.2016121288

Given the steady increase in the prevalence of CKD
and ESRD and the high mortality rate for patients
with CKD,1 it is important to identify risk factors
for the progression of CKD. There is increasing evidence for an association between sleep duration
and/or quality and the prevalence and severity of
hypertension and diabetes, which are among the
best documented risk factors for the progression
of CKD.2–4
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Decreases in sleep duration and/or quality have been shown
to be associated with deleterious effects on cardiac vagal tone,
levels of proinﬂammatory cytokines, insulin resistance, glucose
tolerance, and hormonal regulation of appetite.5–10 Furthermore, there is evidence to suggest that sleep disturbances may
have an adverse effect on kidney function. Sleep is a major modulator of kidney function, because urinary and sodium output is
suppressed during normal sleep. Moreover, the hormones of the
renin-angiotensin-aldosterone system exhibit large diurnal variations that are dependent on sleep.11–13 Thus, insufﬁcient or
impaired sleep in CKD could increase the risk of speciﬁc comorbidities or accelerate its progression. This study evaluates the role
of habitual objectively assessed sleep duration and quality as risk
factors for progression of CKD and death in individuals enrolled
in the Chronic Renal Insufﬁciency Cohort (CRIC) Study and the
Hispanic CRIC Study.

RESULTS
Baseline Demographic and Clinical Characteristics

Of the 537 participants enrolled, 68 were excluded due to the
development of ESRD before the sleep assessment; 14 were
excluded due to incomplete actigraphy data; 16 were excluded
due to incomplete data on eGFR, body mass index (BMI), BP,
or glucose; seven were excluded due to eGFR,10 or .80 ml/min
per 1.73 m 2 ; and one was excluded due to completion of
the sleep study after the follow-up period ended (Figure 1).
The baseline characteristics of the remaining 431 participants
are summarized in Table 1 overall and by ESRD status at the
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end of follow-up. The overall mean age was 60 years old, 48%
were women, 35% were non-Hispanic white, 32% were nonHispanic black, and 31% were Hispanic. The mean BMI was 34
kg/m2, 50% were diabetic, the mean eGFR was 38 ml/min per
1.73 m2, and the median urine protein-to-creatinine ratio
(UPCR) was 0.20 g/g. Compared with individuals who did
not develop ESRD during follow-up, those who progressed
to ESRD were more likely to be older (60 versus 57 years
old), were more likely to be non-Hispanic black (60% versus
26%), had higher systolic BP (137 versus 129 mm Hg), had
lower baseline eGFR (25 versus 41 ml/min per 1.73 m2), and
had higher UPCR (1.28 versus 0.15 g/g).
Sleep Measures

The overall mean sleep duration was 6.5 hours, the mean sleep
fragmentation was 21%, and the mean sleep start time was
11:32 post meridian (p.m.). The mean (SD) Pittsburgh Sleep
Quality Index (PSQI) score was 8.1 (4.5), and 26% had an
Epworth Sleepiness Scale (ESS) score greater than ten. Compared with individuals who did not develop ESRD during
follow-up, participants who progressed to ESRD were more
likely to have shorter sleep duration (5.8 versus 6.6 hours),
higher sleep fragmentation (26% versus 20%), and later sleep
start time (11:59 p.m. versus 11:27 p.m.) (Table 1).
Outcomes

The median (interquartile range [IQR]) follow-up times were
5.2 (IQR, 1.4–5.9) years for ESRD and 5.4 (IQR, 1.5–6.0) years
for all-cause mortality. We observed 70 ESRD events and 48
deaths. Event rates per 100 person-years of follow-up for the
entire cohort are shown in Figure 2, and Table 2 shows these
rates stratiﬁed by level of eGFR at study entry (above versus
below the mean of 38 ml/min per 1.73 m2).
Renal Outcomes

Figure 1. Participants included and excluded from this study.
HCRIC, Hispanic Chronic Renal Insufﬁciency Cohort.
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In multivariate-adjusted Cox proportional hazards models,
greater sleep fragmentation was associated with a 4% increased
risk of ESRD (hazard ratio [HR], 1.04; 95% conﬁdence interval
[95% CI], 1.01 to 1.07 per 1% higher fragmentation) (Table 2).
There was no signiﬁcant association between any of the other
evaluated predictors and ESRD.
In mixed effects regression models of eGFR slope, shorter
sleep duration (per 1 hour less) was associated with a greater
decline in eGFR over time (21.12 ml/min per 1.73 m2 per year;
P=0.02), and each 1% higher sleep fragmentation was associated with a greater decline in eGFR over time (20.18 ml/min
per 1.73 m2 per year; P,0.01) (Table 3). There was no significant association between sleep start time or self-reported
sleep measures and eGFR slope (Table 3). In mixed effects
regression models of log-transformed UPCR, each hour
shorter sleep duration was associated with increased protein
excretion over time (b-coefﬁcient =0.06/yr; P=0.02), and each
1% higher sleep fragmentation was associated with increased
protein excretion over time (b-coefﬁcient =0.01/yr;
P,0.001).
Habitual Sleep and CKD Progression
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Table 1. Baseline characteristics
Variables
Demographics
Age, yr
Women
Race/ethnicity
Non-Hispanic white
Non-Hispanic black
Hispanic
Other
Annual household income ,$20,000
High school graduate
Married
Clinical history/laboratory
Current smoking
Hypertension
Diabetes
Cardiovascular disease
MI or revascularization
Heart failure
Stroke
Peripheral arterial disease
Chronic obstructive pulmonary disease
Family history of coronary heart disease
ACE inhibitor or ARB use
Medication for sleep $1/wk
BMI, kg/m2
Waist circumference, cm
Systolic BP, mm Hg
Diastolic BP, mm Hg
Total cholesterol, mg/dl
LDL cholesterol, mg/dl
HDL cholesterol, mg/dl
Hemoglobin, g/dl
Urine sodium, mmol/L
Kidney function
Serum creatinine, mg/dl
eGFR, ml/min per 1.73 m2
eGFR category
,30
30–39
40–49
50–59
.60
UPCR, g/g, median (IQR)
Sleep variables
Sleep duration, h
Sleep fragmentation, %
Sleep start (hh:mm)
PSQI
ESS score
ESS.10

Overall, n=431

ESRD during Follow-Up

P Value

Yes, n=70

No, n=361

59.7 (10.4)
208 (48.3%)

56. 9 (11.2)
37 (52.9%)

60.3 (10.1)
171 (47.4%)

152 (35.3%)
137 (31.8%)
134 (31.1%)
8 (1.9%)
186 (42.3)
306 (71.0%)
62 (14.4%)

16 (22.9%)
42 (60.0%)
8 (11.4%)
4 (5.7%)
36 (51.4%)
52 (74.3%)
15 (21.4%)

136 (37.7%)
95 (26.3%)
126 (34.9%)
4 (1.1%)
150 (41.6%)
254 (70.4%)
47 (13.0%)

57 (13.2%)
408 (94.7%)
217 (50.3%)
162 (37.6%)
110 (25.5%)
43 (10.0%)
52 (12.0%)
28 (6.5%)
34 (8.0%)
78 (18.1%)
287 (66.9%)
18 (14.6%)
33.7 (9.2)
107.7 (17.2)
130 (20)
71 (12)
172.4 (40.5)
93.8 (30.4)
45.6 (14.9)
12.3 (1.8)
78.1 (31.1)

14 (20.0%)
68 (97.1%)
37 (52.9%)
31 (44.3%)
18 (25.7%)
7 (10%)
13 (18.6%)
9 (12.9%)
6 (8.7%)
13 (18.6%)
42 (60.9%)
0 (0%)
34.2 (10.5)
108.4 (18.2)
137 (20)
71 (12)
173.5 (40.7)
94.8 (31.4)
44.5 (14.0)
11.2 (1.7)
71.0 (22.9)

43 (11.9%)
340 (94.2%)
180 (49.9%)
131 (36.3%)
92 (25.5%)
36 (10.0%)
39 (10.8%)
19 (5.3%)
28 (7.8%)
65 (18.0%)
245 (68.1%)
18 (15.5%)
33.6 (8.9)
107.5 (17.0)
129 (20)
70 (12)
172.2 (40.6)
93.6 (30.2)
45.9 (15.1)
12.5 (1.7)
79.5 (32.3)

0.07
0.31
0.65
0.21
0.97
0.99
0.07
0.02
0.81
0.91
0.25
0.26
0.59
0.69
0.004
0.64
0.83
0.78
0.52
,0.001
0.04

1.98 (0.83)
38.3 (14.5)

2.96 (1.07)
24.8 (10.6)

1.79 (0.61)
40.9 (13.7)

,0.001
,0.001
,0.01

124 (28.8%)
128 (29.7%)
89 (20.6%)
50 (11.6%)
40 (9.3%)
0.20 (0.07–0.81)

51 (72.9%)
11 (15.7%)
7 (10.0%)
1 (1.4%)
0 (0%)
1.28 (0.45–3.02)

73 (20.2)
117 (32.4%)
82 (22.7%)
49 (13.6%)
11.1 (31.4%)
0.15 (0.06–0.52)

6.5 (1.4)
21.1 (9.8)
23:32 (1:37)
8.1 (4.5)
7.9 (4.9)
110 (26.3%)

5.9 (1.3)
26.0 (12.6)
23:59 (1:44)
8.5 (4.2)
8.3 (5.0)
21 (31.8%)

6.6 (1.3)
20.2 (8.8)
23:27 (1:35)
8.1 (4.5)
7.9 (4.9)
89 (25.2)

0.01
0.40
,0.01

0.13
0.51
0.07

,0.001
,0.001
0.01
0.51
0.47
0.26

Values are mean (SD) or n (%) unless otherwise indicated. MI, Myocardial infarction; ACE, Angiotensin-converting enzyme; ARB, Angiotensin receptor blocker;
hh:mm, hours:minutes.
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DISCUSSION

In this large prospective cohort study of
adults with predialysis CKD, we report important associations of objective measures
of sleep duration and quality with CKD progression. We found that high sleep fragmentation was associated with a higher
risk for incident ESRD. In addition, higher
sleep fragmentation and shorter sleep duration were each associated with steeper decline in eGFR and increase in proteinuria
over time. Furthermore, subjectively measured daytime sleepiness was associated
with heightened risk of death from any
cause. To the best of our knowledge, this
is the ﬁrst study to show a signiﬁcant association between objective measures of disordered sleep and loss of kidney function
among patients with CKD.
Sleep disturbances (notably sleep disordered breathing, restless legs syndrome, insomnia, and excessive daytime sleepiness)
are common in patients with ESRD and
associated with impairment of quality of
life and increased mortality. 14 Less is
known about the implications of sleep disturbances in CKD before ESRD. Indeed, to
date, there are little data regarding the association of objective sleep duration and
quality with CKD outcomes. We found
that each 1 hour of shorter sleep duration
was signiﬁcantly associated with a modest
decline in eGFR over time. Our results are
in concordance with some but not all other
studies in non-CKD populations. A JapaFigure 2. Individuals with short sleep duration, high sleep fragmentation, and daytime
nese study and a recent analysis from the
sleepiness experienced higher rates of ESRD and all-cause mortality. Event rates per 100
person-years stratiﬁed by level of estimated glomerular ﬁltration rate (eGFR above or below Nurses’ Health Study each reported that
the mean of 38 ml/min per 1.73 m2) for each sleep predictor variable, for the outcomes (A) short self-reported sleep duration was
associated with rapid decline in renal funcend-stage renal disease (ESRD) and (B) all-cause mortality.
tion.15,16 In contrast, in the Coronary Artery Risk Development in Young Adults (CARDIA) Study,17
All-Cause Mortality
which is a community-based cohort of young to middle-aged
Every 1% higher sleep fragmentation was associated with a 4%
higher risk for all-cause death in multivariable analyses adjusted for black and white adults without CKD, shorter sleep duration
was associated with a modest increase in eGFR over time.
demographic factors (HR, 1.04; 95% CI, 1.01 to 1.06). However,
These discordant ﬁndings could be related to differences in
this association was attenuated and no longer signiﬁcant after adjustment for clinical characteristics and laboratory measurements population characteristics and ascertainment of the exposure.
(HR,1.03;95%CI,1.00to1.07). Sleepiness,asmeasuredby theESS,
There are several potential explanations for the association
between short sleep and faster decline in eGFR. Experimental
was associated with an 11% increased risk for all-cause death in the
fully adjusted model (HR, 1.11; 95% CI, 1.02 to 1.20 per one score sleep deprivation has been shown to cause acute increases in BP
and heart rate,18 activation of the sympathetic nervous system,
point higher). We found no signiﬁcant association with self-reportincreased salt retention,19,20 and alterations of glucose metabed sleep quality over the past month (PSQI) or sleep start time.
We found no evidence of a U-shaped association between the olism.8 Indeed, in general populations, short sleep duration
(,5–7 hours) has been associated with increased risk for adsleep duration and the outcomes evaluated. Furthermore, there
was no evidence of effect modiﬁcation by diabetes status.
verse outcomes, including incident hypertension,21 type 2
J Am Soc Nephrol 28: 3708–3715, 2017

Habitual Sleep and CKD Progression

3711

CLINICAL RESEARCH

www.jasn.org

Table 2. Results from Cox proportional hazards regression models
Predictors and Outcomes
ESRD (dialysis or transplantation)
Event, n
Follow-up time median (IQR)
Event rate, 100 person-yr
Sleep duration, per 1 h lower, n=397
Sleep fragmentation, per 1% higher, n=397
Sleep start time, per 1 h later, n=397
PSQI, per one score point higher, n=354
ESS, per one score point higher, n=385
All-cause mortality
Event, n
Follow-up time median (IQR)
Event rate, 100 person-yr
Sleep duration, per 1 h lower, n=397
Sleep fragmentation, per 1% higher, n=397
Sleep start time, per 1 h later, n=397
PSQI, per one score point higher, n=354
ESS, per one score point higher, n=385

Model 1a

P Value

Model 2b

P Value

Model 3c

P Value

70
5.19 (1.38–5.88)
4.17
1.29 (1.08 to 1.55)
1.04 (1.02 to 1.06)
1.09 (0.96 to 1.24)
0.99 (0.93 to 1.06)
1.00 (0.95 to 1.05)

,0.01
,0.001
0.20
0.83
0.99

1.30 (1.06 to 1.58)
1.05 (1.03 to 1.07)
1.10 (0.94 to 1.27)
0.99 (0.92 to 1.06)
1.02 (0.96 to 1.07)

0.01
,0.001
0.23
0.82
0.51

1.15 (0.91 to 1.46)
1.04 (1.01 to 1.07)
1.13 (0.92 to 1.38)
0.98 (0.90 to 1.07)
1.04 (0.98 to 1.11)

0.25
0.01
0.25
0.68
0.21

48
5.42 (1.52–6.03)
2.61
1.15 (0.94 to 1.42)
1.04 (1.01 to 1.06)
0.94 (0.78 to 1.15)
1.06 (0.99 to 1.14)
1.12 (1.05 to 1.19)

0.17
0.004
0.56
0.10
,0.001

1.13 (0.90 to 1.42)
1.03 (1.00 to 1.07)
0.94 (0.75 to 1.18)
1.07 (0.98 to 1.17)
1.14 (1.06 to 1.23)

0.31
0.08
0.59
0.12
,0.001

1.02 (0.79 to 1.31)
1.03 (0.99 to 1.06)
0.95 (0.75 to 1.21)
1.05 (0.95 to 1.16)
1.11 (1.02 to 1.20)

0.88
0.18
0.68
0.34
0.01

Sample sizes presented correspond to the ﬁnal model.
a
Model 1: adjusted for clinical site, age, sex, and education.
b
Model 2: adjusted for variables in model 1 plus smoking, time-updated systolic BP, diabetes, BMI, cardiovascular disease, and urine sodium (millimoles per liter).
c
Model 3: adjusted for variables in model 2 plus log UPCR and eGFR.

diabetes mellitus,22,23 and coronary artery disease, all of which
are CKD risk factors. Similar to sleep restriction, sleep fragmentation has been associated with increased BP, impaired
glucose tolerance, and alterations in cortisol secretion.7,24,25
We found that fragmented sleep was associated with both the
development of ESRD and the steeper decline of eGFR over
time. In a prior study of non-CKD participants, there was no
independent association between sleep fragmentation and
change in eGFR over time.17 Our ﬁndings suggest that individuals with CKD may be particularly vulnerable to the deleterious effects of impaired sleep. Interventions to improve
sleep hygiene and avoid short sleep duration need to be

evaluated in patients with CKD, with the goal of slowing the
progression of CKD.
The association of sleep duration and quality with change in
proteinuria over time has not been previously studied. Although this association was statistically signiﬁcant, the magnitude was modest, and its clinical signiﬁcance needs to be
further evaluated. Nevertheless, changes in proteinuria over
time have been shown to predict renal outcomes in CKD.26,27
Although we found a signiﬁcant association between daytime sleepiness and all-cause death, we did not ﬁnd an association between daytime sleepiness or other self-reported sleep
quality measures and CKD progression. In contrast, a recent

Table 3. Results from mixed effects regression models predicting eGFR and log UPCR slope
Model 1a

Sleep Variable

P Value

Model 2b

P Value

Model 3c

0.04
0.002
0.10
0.78
0.43

21.27 (0.53)
20.23 (0.07)
20.89 (0.44)
0.00 (0.17)
0.06 (0.14)

0.02
0.001
0.05
0.98
0.64

21.12 (0.50) 0.02
20.18 (0.07) ,0.01
20.62 (0.41) 0.13
20.10 (0.16) 0.54
0.06 (0.13) 0.65

0.09
0.001
0.14
0.59
0.44

0.08 (0.05)
0.02 (0.01)
0.05 (0.04)
0.00 (0.01)
0.01 (0.01)

0.07
0.001
0.16
0.77
0.67

0.06 (0.02) 0.02
0.01 (0.00) ,0.001
0.01 (0.02) 0.68
0.01 (0.01) 0.14
20.00 (0.01) 0.76

P Value

2

Regression coefﬁcient (SEM) for eGFR slope, ml/min per 1.73 m per yr
Sleep duration, per 1 h lower, n=398
21.07 (0.52)
Sleep fragmentation, per 1% higher, n=398
20.22 (0.07)
Sleep start time, per 1 h later, n=398
20.74 (0.44)
PSQI, per one score point higher, n=355
0.05 (0.17)
ESS, per one score point higher, n=386
0.11 (0.14)
Regression coefﬁcient (SEM) for slope of log-transformed UPCR, g/g per yr
Sleep duration, per 1 h lower, n=429
0.09 (0.05)
Sleep fragmentation, per 1% higher, n=429
0.02 (0.01)
Sleep start time, per 1 h later, n=429
0.06 (0.04)
PSQI, per one score point higher, n=385
0.01 (0.02)
ESS, per one score point higher, n=417
0.01 (0.01)

Sample sizes presented correspond to the ﬁnal model.
a
Model 1: adjusted for clinical site, age, sex, and education.
b
Model 2: adjusted for variables in model 1 plus smoking, time-updated systolic BP, diabetes, BMI, cardiovascular disease, and urine sodium (millimoles per liter).
c
Model 3: In addition to the variables in model 2, eGFR slope models are adjusted for baseline log UPCR, and log UPCR models are adjusted for baseline eGFR.
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analysis from the CARDIA Study reported that lower selfreported sleep quality was signiﬁcantly associated with increase in eGFR over time.17 These heterogeneous ﬁndings
are probably due to differences in study population, particularly the presence of CKD in our study participants.
Our study has several strengths, including the prospective
design, objective measure of the exposure, long-term followup, detailed characterization of a wide range of patient features,
and systematic ascertainment of the outcomes. However, our
study had several limitations. First, the study included a volunteer cohort rather than a representative population-based
sample, which may affect generalizability. Second, we did not
have an objective estimate of obstructive sleep apnea, a common sleep disorder that may be associated with worse kidney
function. Third, given that we measured sleep only once, we
were not able to evaluate the effect of kidney function decline
on sleep. Fourth, our analyses only included night-time sleep;
therefore, we were not able to include an evaluation of daytime
naps in our study.
In this prospective cohort study of adults with predialysis
CKD, we report that short sleep duration and poor quality are
associated with CKD progression. To the best of our knowledge, this is the ﬁrst study to show a signiﬁcant association
between objective measures of disordered sleep and loss of
kidney function among patients with CKD. These ﬁndings
suggest that impaired sleep is an unrecognized and clinically
signiﬁcant risk factor for CKD progression. Future work is
needed to evaluate interventions to improve sleep habits in
patients with CKD and assess whether the observed relationship with CKD progression is causal.

CONCISE METHODS
Study Population
The CRIC Study and the Hispanic CRIC Study are ongoing multicenter, prospective, observational studies of risk factors for progression of CKD and cardiovascular disease. The design, methods, and
baseline characteristics of study participants have been previously
published.28–30 In brief, the CRIC included 170 Hispanics and 3289
non-Hispanics recruited at seven clinical centers across the United
States from May of 2003 to March of 2007, whereas the Hispanic
CRIC included 327 Hispanics recruited at the University of Illinois
at Chicago and in the Chicago metropolitan area from October of
2005 to June of 2008. Main inclusion criteria were ages 21–74 years
old and eGFR=20–70 ml/min per 1.73 m2. Exclusion criteria were
inability to consent, institutionalization, pregnancy, dialysis treatment for longer than 1 month, polycystic kidney disease, organ or
bone marrow transplant, immunosuppressive drugs for kidney disease in the past 6 months, chemotherapy within 2 years, current
participation in another research study, New York Heart Association
class 3 or 4 heart failure, cirrhosis, HIV infection, multiple myeloma,
or renal cell carcinoma. For this sleep ancillary study, 537 participants
were recruited from two CRIC Study sites (the University of Illinois
at Chicago [Chicago, IL] and Case Western Reserve University,
J Am Soc Nephrol 28: 3708–3715, 2017
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including the University Hospital, MetroHealth System, and Cleveland Clinic [Cleveland, OH]). The study protocol was approved by
the institutional review boards of all participating centers and is in
accordance with the Declaration of Helsinki. All participants provided informed consent.

Sleep Variables
Participants were asked to wear an activity monitor (Actiwatch-16 in the
CRIC and Actiwatch-2 in the Hispanic CRIC; Philips/Respironics, Bend,
OR) on their wrist continuously for 5–7 days to estimate sleep duration
and quality. These activity monitors contain highly sensitive omnidirectional accelerometers that count movements in 30-second epochs. Wrist
actigraphy has been validated against polysomnography as a measure of
sleep duration.31 Validated computer software algorithms provided by
the manufacturer were used to calculate sleep duration, sleep quality, and
sleep timing. Sleep duration was deﬁned as the amount of time between
sleep onset and ﬁnal awakening that is spent sleeping (excludes all awakenings after sleep onset). Sleep fragmentation is a marker of sleep quality
and an index of restlessness. It is calculated by summing the percentage of
the sleep period that is spent moving (an epoch with more than two
activity counts is considered moving) and the percentage of the number
of immobile phases (consecutive epochs with no movement) that last
only 1 minute or less. Sleep start time is the time of sleep onset, and it is an
indicator of the timing of the sleep period.
In addition, participants completed the PSQI and the ESS. The
PSQI is a validated 21-item questionnaire to assess subjective sleep
quality over the past month.32 Scores range from zero to 21, and a
score greater than ﬁve indicates poor subjective sleep quality. The ESS
is an eight-item questionnaire that assesses daytime sleepiness.33,34
Scores range from zero to 24, and a score greater than ten indicates
excessive daytime sleepiness.
In these analyses, we used the clinical data from the CRIC Study
visit closest to the sleep assessment (index visit), which was done
between April of 2006 and October of 2012. On average, there were
21 days between the clinical examination and the sleep assessment.
Sixty-eight participants developed ESRD before the sleep assessment
and therefore, were excluded from these analyses (Figure 1).

Covariates
Information on sociodemographics, medical history, and medications was
obtained at baseline by self-reported questionnaires.29 Four racial/ethnic
groups were examined: non-Hispanic white, non-Hispanic black, Hispanic,
and other race or ethnicity. BMI (kilograms per square meter) was calculated using measured height and weight. Diabetes mellitus was deﬁned by a
fasting glucose $126 mg/dl or use of insulin or oral hypoglycemic medications; hypertension was deﬁned by a systolic BP $140 mm Hg, a diastolic
BP $90 mm Hg, or use of antihypertensive medications. Prior cardiovascular disease was assessed by self-reported history of heart failure, myocardial infarction, coronary revascularization, cerebrovascular accident,
peripheral artery revascularization, or amputation. Twenty-four–hour
urine samples were collected at the index visit to measure sodium excretion.

Outcomes
We evaluated the following outcomes: (1) occurrence of ESRD (deﬁned as receipt of chronic dialysis therapy or kidney transplantation),
Habitual Sleep and CKD Progression
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(2) rate of decline in kidney function (slope of the eGFR over time),
(3) change in urine protein excretion over time, and (4) death from
any cause. Ascertainment of ESRD was done through semiannual
surveillance by the CRIC Study personnel supplemented by crosslinkage with the US Renal Data System, leading to no missing data for
this outcome. GFR was estimated annually during the follow-up period using the Chronic Kidney Disease Epidemiology Collaboration
creatinine equation.35 UPCR was calculated at each annual clinic visit
using a random spot urine sample or at selected visits, a 24-hour
urine collection. Deaths were ascertained from reports by next of
kin, death certiﬁcates, hospital records, and linkage with the Social
Security Death Master File. Participants were followed until the occurrence of death, withdrawal from the study, or March of 2013,
when the database was locked for analysis.

Statistical Analyses
Descriptive statistics were summarized as mean (SD) or median (IQR)
for continuous variables and frequency (proportion) for categorical
variables. Chi-squared and ANOVA tests were used to compare categorical and continuous variables, respectively. Because of its skewed
distribution, UPCR was log transformed for regression analyses. Event
rates (per 100 person-years) for time to event outcomes were calculated as the ratio of the number of participants reaching the event to the
total person-years of follow-up before an event or until censoring by
using Poisson regression. In addition to the overall event rates, we
estimated event rates of ESRD and all-cause mortality associated with
categories of sleep duration and quality (,6.5 versus $6.5 hours;
sleep fragmentation .19% versus #19%; PSQI.10 versus #10;
ESS.10 versus #10) stratiﬁed by baseline eGFR (above versus below
the mean of 38 ml/min per 1.73 m2). In computations of event rates
and in failure time regression analyses, follow-up times were censored
at time of death or end of the follow-up period (March 31, 2013). For
slope analyses, follow-up times were censored at the time of ESRD,
death, or end of follow-up. In all regression models, we evaluated
sleep duration, sleep fragmentation, sleep start time, and PSQI and
ESS scores as continuous variables. Cox proportional hazards models
were used to examine the association between sleep variables and
outcomes. For each outcome, we ﬁtted three nested Cox proportional
hazards models, whereby covariates from each prior model are retained as follows. Model 1 included demographic characteristics
(clinical site, age, sex, and education). Model 2 added clinical characteristics and laboratory measurements (smoking, diabetes, BMI,
systolic BP, cardiovascular disease, and urine sodium excretion),
and Model 3 added measures of kidney function (log urine protein
excretion per 24 hours and eGFR). These covariates were ascertained
at the time of the index visit except for systolic BP, which was time
updated on an annual basis. All covariates were chosen on the basis of
known clinical importance in prior literature. For slope analyses,
linear mixed effects models were used to assess the association between the difference in mean annual change in each continuous outcome (i.e., eGFR or log-transformed UPCR) and each sleep variable
after adjusting for covariates. Estimations of GFR after development
of ESRD were not taken into account for these analyses. We constructed
three nested models as described for failure time analyses. To evaluate
the presence of a U-shaped association between sleep duration and
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outcomes, we added a quadratic term to the ﬁnal regression model
for each outcome. We explored effect modiﬁcation by diabetes status
at baseline by adding an interaction terms between each sleep variable and diabetes to the ﬁnal regression model. All tests were two
sided, and P,0.05 was considered signiﬁcant for hypothesis testing.
All analyses were performed using SAS 9.3 (SAS Institute, Cary, NC).
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