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Abstract

The kidney is influenced by circadian rhythms, and entrained to the sleep-wake cycle allowing 

anticipation of the metabolic and physiological demands of the kidney throughout a 24-hour cycle. 

Although sleep disruption has been studied extensively in cardiovascular and metabolic disease, its 

association with chronic kidney disease has not been shown. We examined this in a prospective 

cohort study of 4238 participants from the Nurses’ Health Study and analyzed the association of 

self-reported sleep duration with decline in renal function over an 11year period (1989 to 2000). 

Individuals who reported shorter sleep duration were more likely to experience a rapid decline in 

estimated glomerular filtration rate (30% or more). Compared with sleeping 7–8 hours per night, 

the adjusted odds ratios for a rapid decline in renal function were a significant 1.79 (95% CI, 1.06–

3.03) for 5 hours or less sleep per night, a significant 1.31 (95% CI, 1.01– 1.71) for 6 hours sleep 

per night, but an insignificant 0.88 (95% CI, 0.50–1.57) for 9 or more hours sleep per night. 

Similarly, there was a significant trend in the adjusted annualized decline in estimated glomerular 

filtration rate of 1.2 ml/min/1.73m2/year, 0.9 ml/min/1.73m2/year, 0.8 ml/min/1.73m2/year, and 

0.8ml/min/1.73m2/year for individuals sleeping 5 hours or less per night, 6 hours per night, 7–8 

hours per night, and 9 hours or more per night, respectively. Thus, shorter sleep duration is 

prospectively and independently associated with faster decline in renal function.
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INTRODUCTION

Most renal physiologic processes follow a diurnal rhythm, including regulation of the 

reninangiotensin system, sodium reabsorption, renal blood flow, glomerular filtration, and 

filtration fraction; similarly, 13% of gene transcription in the kidney is diurnal.(1–6) 

Coordination of the circadian periodicity of these processes allows the kidney to anticipate 

changes in metabolic and physiological demands throughout a 24-hour cycle. However, 

changes to lifestyle and work practices have diminished the amount of nightly sleep many 

people obtain, thereby altering the times at which workers are required to be awake and 

desynchronizing basic physiologic rhythms from environmental demands.

There is growing evidence that changes in sleep duration and time of sleep onset may have 

detrimental effects on renal function. Short sleep duration and shift work are associated with 

risk factors for chronic kidney disease (CKD), including hypertension, diabetes, and 

cardiovascular disease.(7–9) As examples, individuals who report sleeping 5 hours or less 

per night are 20% more likely to develop hypertension,(7) 34% more likely to develop 

diabetes(8) and 45% more likely to develop cardiovascular disease(9) compared with those 

sleeping 7 hours per night. A variety of cross-sectional studies have found that patients with 

kidney disease have shorter average sleep durations overall,(10) and in a single prospective 

study of 6,834 Japanese adults, those who slept 6 or fewer hours per night were 70% more 

likely to develop proteinuria than individuals who slept for 7 hours per night.(11) However a 

prospective association between sleep duration and decline in renal function has not been 

demonstrated. Thus, we performed a prospective analysis among participants of the Nurse’s 

Health Study (NHS) with self-reported sleep duration ascertained at baseline and renal 

function measured at two or more time points during an 11 year follow-up.

RESULTS

Participant baseline characteristics

There were 4,238 women in the NHS with serum creatinine measured in 1989 and again in 

2000. In 1989, the mean age was 58.0 years (±6.6 years), mean body mass index (BMI) was 

25.8 kg/m2 (±5.1 kg/m2), and the mean estimated glomerular filtration rate (eGFR) was 88.3 

ml/min/1.73m2 (±25.0 ml/min/1.73m2). Overall, 9.7% of women were diabetic, 28.7% had a 

history of hypertension, and 3.8% had a history of cardiovascular disease (Table 1). Median 

sleep duration was 7 hours (6–8 hours, 25–75th percentile). Individuals who reported 

sleeping 5 or fewer hours per night had a higher mean BMI and higher prevalences of 

diabetes, hypertension, and cardiovascular disease at baseline compared with those who 

reported sleeping 7–8 hours per night. Age, baseline eGFR, snoring patterns, and use of non-

steroidal anti-inflammatory drugs (NSAIDs), acetaminophen, and angiotensin converting 

enzyme inhibitors (ACE-i) were all similar across categories of sleep duration. The most 

frequent self-reported sleep duration was 7– 8 hours per night in 2,882 individuals, with 157 

individuals reporting 5 or fewer hours per night, 1,007 reporting 6 hours per night, and 192 

reporting 9 or more hours per night.
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Association of baseline sleep duration with eGFR decline

Rapid decline in renal function was observed in 529 individuals (12%), while the mean 

annualized decline in eGFR for the cohort was 1.0 ml/min/1.73m2 (±2.2 ml/min/1.73m2). 

The mean eGFR in those with rapid decline was 103.5 ml/min/1.73m2 at baseline (1989) 

which decreased to 59.3 ml/min/1.73m2 at follow-up (2000). Of the 529 subjects who 

developed rapid decline in renal function, 288 (54%) developed CKD stage 3 or higher.

Compared with participants who reported 7–8 hours of sleep per night, the age adjusted odds 

ratios (ORs) for experiencing a rapid decline in renal function were 1.91 (95% CI, 1.27–

2.88, p = 0.002) among participants who reported 5 or fewer hours of sleep per night and 

1.30 (95% CI, 1.05–1.60, p = 0.01) among participants reporting 6 hours per night. After 

adjustment for age, systolic blood pressure, BMI, eGFR, smoking status (current, previous, 

never), history of hypertension, history of diabetes, history of hypercholesterolemia, use of 

acetaminophen at baseline, use of medications which reversibly effect eGFR at baseline and 

follow-up (ACE-i in 1988, and in 2000, and use of NSAIDs in 1990, and in 2000), the 

corresponding ORs for experiencing a rapid decline in renal function were 1.79 (95% CI, 

1.06–3.03, p = 0.03) for participants who reported 5 or fewer hours of sleep per night and 

1.31 (95% CI, 1.01–1.71, p= 0.04) for participants who reported 6 hours of sleep per night 

(p-value for linear trend across categories of sleep duration 0.005, Table 2). Further 

adjustment for shift work did not materially alter the results (OR=1.75, 95% CI 1.04–2.96 

comparing ≤5 hours with 7–8 hours; p=0.04). For 4063 individuals with normal baseline 

renal function, the fully adjusted OR of incident CKD at follow-up was 1.95 (95% CI, 1.16 – 

3.30, p=0.01) among participants who reported 5 or fewer hours of sleep per night and 1.18 

(CI, 0.90 – 1.54, p=0.24) among participants reporting 6 hours of sleep per night compared 

with those who reported 7–8 hours of sleep per night (p-value = 0.02 for trend of increased 

CKD risk with shorter sleep duration, Supplementary Table 1).

Individuals in the reference group, 7–8 hours per night, had the slowest rate of decline in 

renal function, with an annualized eGFR decline of 0.9 ml/min/1.73m2/year (±1.7 ml/min/

1.73m2/year). This was significantly slower than the rate of decline for those who reported 6 

hours per night (annualized eGFR decline of 1.1 ± 3.4 ml/min/1.73m2/year, p = 0.009). 

Women who reported sleeping 5 hours or less per night had the most rapid rate of decline in 

renal function (annualized eGFR decline of 1.3 ± 2ml/min/1.73m2/year), which was not 

statistically different from the decline in the reference group (p-value = 0.07). These 

annualized eGFR decline rates remained virtually unchanged with age and multivariable 

adjustment, and there was a significant trend toward faster renal function decline with 

decreased sleep duration (adjusted p-trend = 0.008; Table 3).

Association of baseline sleep duration with albuminuria

A total of 3,489 individuals from the NHS who returned urine samples in 2000 had urine 

albumin and creatinine measured (urine samples were unavailable in 1989). Albuminuria in 

2000 was twice as prevalent among individuals who, in 1986, reported sleeping 5 or fewer 

hours per night than those who reported 7–8 hours per night (adjusted OR=2.52; 95% CI, 

1.42–4.49, pvalue) with a significant trend toward increased prevalence of albuminuria with 

shorter sleep duration in multivariable models (p-trend=0.002; Supplementary Table 2).
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Sensitivity analyses

In a sensitivity analysis, we expanded our analysis to include all women (N=4,268) with 

serum creatinine measurement available in 1989 and again either in 2000, 2003 or 2007. We 

included all 17,072 eGFR measures to model eGFR trajectories using linear mixed effects 

regression employing random intercepts and slopes (Table 4). In age and multivariable 

adjusted analyses, shorter sleep duration was significantly associated with eGFR decline 

(adjusted p-value for the group effect of sleep duration = 0.002). In adjusted models, 

sleeping 6 hours per night was associated with a 30% faster decline in eGFR relative to 

sleeping 7–8 hours per night (p <0.001).

In other sensitivity analyses we repeated our primary analysis, measuring the association of 

sleep duration with rapid decline in renal function, with additional adjustment for incident 

hypertension, incident diabetes and incident cardiovascular disease occurring during the 

followup period. In these analyses the association of shorter sleep duration with rapid 

decline in renal function remained significant (p-value for linear trend ≤ 0.007; 

Supplementary Tables 3–5). Finally, replacing the KDIGO definition of albuminuria with 

sex-specific definitions did not significantly change the association of shorter sleep duration 

in 1986 with a greater prevalence of albuminuria in 2000 (p-value for linear trend = 0.02).

DISCUSSION

In this large prospective study of middle aged women with 11 years of follow-up, shorter 

sleep duration was significantly and independently associated with a more rapid decline in 

renal function. To our knowledge, this is the first prospective study to find that shorter sleep 

duration is associated with a more rapid decline in eGFR.

Nearly all human data examining the association of sleep and CKD come from cross-

sectional, rather than prospective studies. Patients with advanced CKD have a higher 

prevalence of several sleep disturbances, including reversal of day-night sleep pattern, 

increased sleep latency, and fragmented sleep related to sleep apnea or restless leg 

syndrome.(10) A small study, for example, found that shorter sleep duration (ie, < 5 hours 

per night measured by actigraphy) was significantly more prevalent among individuals with 

non-dialysis dependent CKD (31%) and ESRD (53%) as compared with those with normal 

renal function (11%).(12) Another study that employed polysomnography reported increased 

sleep fragmentation and decreased REM sleep in patients with ESRD compared with those 

who had non-dialysis dependent CKD.(13) It is most commonly argued that this relation is 

mediated by uremic toxins, volume overload, and depression as possible mechanisms, each 

of which can accompany advanced CKD.(10) In contrast, the potential importance of 

circadian disruption as a risk factor preceding the development of CKD has received 

considerably less attention.

Although animal data suggest that circadian disruption may induce kidney damage, 

prospective human data on the association of sleep factors with incident kidney disease are 

scarce. In animals, genetic disruption of circadian rhythms produce characteristics of CKD 

including elevated serum creatinine, glomerular and tubular damage and fibrotic changes in 

the cortex, all of which are preventable by strictly controlling light-dark periodicity to 
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restore circadian rhythms.(14) In humans, only two longitudinal analyses of individuals 

without CKD have studied the association of sleep duration with changes in renal 

parameters. The first, a study of 6,834 Japanese adults, found that those who slept 6 or fewer 

hours per night were 1.7 times more likely to develop proteinuria at 4 years than individuals 

who slept for 7–8 hours per night; changes in eGFR were not reported.(11) Although we 

lacked information about albuminuria at baseline, the findings of our secondary analysis of 

albuminuria at 11 years were consistent with this Japanese study. The second, substantially 

smaller prospective study of 463 adults found that the adjusted risk of a 10-year decline in 

eGFR of >3% was 0.83 (95% CI 0.64 – 1.08) per additional hour of sleep per night; this 

potential benefit from additional sleep (or, reciprocally, a determent from less sleep) was not 

statistically significant, possibly due low statistical power.(15) Consistent with their 

observations, we found that shorter sleep duration was significantly and independently 

associated with faster annualized decline in eGFR and a greater risk of having a ≥30% 

decline in eGFR at 11 years.

The mechanisms underlying a potential association of sleep with incidence of decline in 

renal function need to be elucidated. Sleep disturbances, such as habitual sleep restriction, 

may predispose to incident CKD by increasing the risk of developing established CKD risk 

factors. As an example, individuals who report sleeping 5 or fewer hours per night are 20% 

more likely to develop hypertension and 57% more likely to develop incident diabetes 

during a 10 year period than those sleeping 7 hours per night.(7) (8) In short-term studies 

lasting 3–6 weeks, shortening or lengthening the time slept by healthy individuals increased 

or decreased insulin resistance and blood pressure, further suggesting that sleep duration is a 

modifiable determinant of these established CKD risk factors.(16–18) However, in our 

cohort, adjusting for development of incident hypertension, diabetes, or cardiovascular 

disease did not materially change effect estimates for the risk of developing rapid renal 

function decline with shorter sleep duration. This suggests that either short sleep duration is 

associated with more rapid decline in renal function via a mechanism independent of these 

established CKD risk factors or, alternatively, these endpoints did not fully capture the 

metabolic and vascular consequences of short sleep.

Our study has limitations. First sleep duration was self-reported with potential for 

misclassification. Self-reported or perceived sleep time often differs from objectively 

measured sleep using polysomnography or wrist actigraphy. In a study of 669 individuals, 

for example, sleep duration was measured both objectively using wrist actigraphy and 

subjectively with a sleep questionnaire.(19) In that study, those with objectively short sleep 

duration subjectively overestimated their sleep duration. Specifically, those with objective 

sleep measured as 5 hours per night overestimated sleep by 1.3 hours (ie, self-reported 6.3 

hours of sleep). In contrast, those with objective sleep measured as 7 hours per night more 

accurately self-reported their sleep duration (ie, the difference was only 0.3 hours).(19) If 

this finding is applicable to our study, then the distribution of sleep duration in our 

population may be narrower than the true distribution, which would have made it more 

difficult to detect an association rather than find a spurious association. Second, information 

on sleep duration was collected in 1986, 3 years prior to the initial eGFR measurement. 

However, there is likely a reasonably good correlation between usual sleep duration 

separated by three years among healthy middle aged women. As examples, the intra-class 
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correlation coefficient (ICC) for sleep duration reported on the 1986 and 2000 

questionnaires was 0.41, while over the shorter, 6 year period from 2002 to 2008, the ICC 

was 0.53. Thus, it is likely that the correlation over 3 years in this population would similar 

or better. Nevertheless, the resulting misclassification of sleep duration would tend to 

produce an association that actually underestimates, rather than overestimates, the true 

association. Third, only two measures of eGFR were used in the primary analysis, and 

therefore if either eGFR measurement was transiently altered due other factors, the 

calculated eGFR decline from 1989 to 2000 will not accurately reflect the true underlying 

longitudinal eGFR change during that period. However, this was a relatively healthy 

population at low-risk for developing acute kidney injury, and we controlled for use of ACEi 

and NSAIDS, which would be the most likely factors that could reversibly change the 

eGFR. In addition, our secondary analysis using mixed effects regression to incorporate all 

available eGFR values was consistent with findings from our primary analysis. Fourth, 

albuminuria was not measured at baseline since urine was not collected in 1989; therefore, 

we could not analyze the association of sleep duration with change in urinary albumin 

secretion, nor could we adjust for albuminuria in the primary analysis. However, our 

findings that shorter sleep duration was associated with the presence of albuminuria in 2000 

is consistent with another large study that reported short sleep duration was a risk factor for 

incident proteinuria.(11) Fifth, the number of individuals reporting sleep duration of 9 hours 

or greater was limited and so we were unable to assess if there was a Ushaped association 

between sleep duration and more rapid decline in renal function (a U-shaped association was 

found between sleep duration and both diabetes and mortality).(8, 9) Sixth, our study 

population was limited to women, and most participants were white. Thus, it is unknown 

whether or not our findings can be applied to men and to other racial groups. Seventh, in this 

observational study, many of the baseline covariates used in the analyses were self-reported 

on biennial questionnaires; potential misreporting of this information could produce residual 

confounding. However, the validity of this questionnaire-based information has been 

demonstrated. Finally, as with all observational studies, we cannot exclude the possibility 

that our findings are confounded by factors that we could not ascertain.

In conclusion we have found a robust association between shorter sleep duration and a more 

rapid decline in renal function that was independent of many established CKD risk factors. 

Further studies, including those using more accurate measurements of sleep, are required to 

confirm these findings, and to elucidate potential mechanisms mediating this association, 

with a view toward potential therapeutic interventions.

METHODS

Study Design and Study Participants

The Nurses’ Health Study (NHS)(20) began in 1976 when 121,700 registered nurses aged 

30–55 years returned an initial questionnaire. On this and subsequent biennial 

questionnaires, health status, medications, dietary intake, and lifestyle factors including 

smoking history, physical activity and sleeping patterns were ascertained. In addition to 

completing questionnaires, blood samples were provided by sub-populations of these 

women in 1989 and 2000. First morning urine samples were provided in 2000. Between 
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1989 and 1990, 32,826 participants provided blood samples that were shipped with a cold 

pack by overnight mail, where upon they were aliquoted and stored in liquid nitrogen until 

the time they were assayed. In 2000, 18,720 of these participants submitted a second blood 

sample and spot urine sample under the same handling conditions. Two additional blood 

samples were collected in 2003 and 2007 as part of a sub-study of analgesic use and renal 

function. Serum creatinine was measured in 9,163 participants in 1989, 5,187 participants in 

2000, 2,000 participants in 2003 and 1,750 participants in 2007. Of those participants with 

information on sleep duration from the 1986 questionnaire, 4,238 had serum creatinine 

measured in 1989 and again in 2000. These individuals made up the population for the 

primary analysis. In a sensitivity analysis, we included all 4,268 women who had serum 

creatinine measured in 1989 and at least once during the 2000, 2003 or 2007 blood 

collections.

All women in this cohort provided implied consent by virtue of voluntarily returning mailed 

questionnaires and by voluntarily providing blood and urine samples via mailed collection 

kits. The institutional review board at Brigham and Women’s Hospital approved this study.

Sleep duration

Sleep duration was reported on the 1986 biennial questionnaire as the total number per 24 

hours that the participant slept. For the purpose of this analysis sleep duration was 

categorized into 5 or fewer hours, 6 hours, 7–8 hours, and 9 or more hours per 24 hours. 

Sleep duration was also asked on several other questionnaires. The ICC for sleep duration 

reported in the 1986 and 2000 questionnaires was 0.41, and was 0.53 between 2002 and 

2008, suggesting moderate stability of sleep duration in these nurses during the follow-up 

period used in the primary analysis.

Renal function

Plasma creatinine was measured using a modified Jaffe reaction (coefficient of variation 

[CV], 10%). eGFR was estimated from plasma creatinine using the 4-variable Modification 

of Diet in Renal Disease (MDRD) Study equation. Rapid decline in renal function was 

defined as a decrease in eGFR ≥30% from 1989 to 2000, and was the primary endpoint.(21) 

The annualized rate of eGFR decline between 1989 and 2000 was a secondary endpoint, as 

was development of incident chronic kidney disease defined as eGFR ≤ 60ml/min/

1.73m2(22)

Urinary measurements were performed on spot urine samples obtained from the 2000 

collection. Urinary albumin was measured by a solid phase fluorescence immunoassay using 

the Hitachi 911 analyzer and Roche diagnostic reagents with a lower limit of detection of 0.1 

mg/ml (CV, 8.0%). Urinary creatinine was measured using a modified Jaffe reaction (CV, 

1.6%). Albuminuria was defined using the KDIGO guidelines as urinary albumin to 

creatinine ratio (UACR) ≥30mg/g.(23) In a sensitivity analysis albuminuria was defined 

using a gender specific definition of albuminuria (UACR ≥25mg/g for women, which has 

been proposed by several groups).(24–26)
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Other covariates

Age, self-reported race, and menopausal status, as well as body mass index (BMI, kilograms 

of body weight divided by the squared height in meters), systolic blood pressure, history of 

cardiovascular disease (angina, myocardial infarction, coronary artery by-pass or stroke), 

diabetes, hypertension, hypercholesterolemia, and smoking status (current, past, never) were 

determined from a questionnaire completed at the time of urine and blood sample 

submission. Frequency of medication use was also available from questionnaires in 1990 

and 2000, and from these we determined the frequency of use off non-steroidal anti-

inflammatory drugs (NSAIDs) and acetaminophen, with frequent use categorized as taking 

these medications more than once per week. Also the use of angiotensin-converting-enzyme 

inhibitors (ACE-i) was available from the 1988 and 2000 questionnaires.

Statistical Analysis

Distributions of covariates were examined by category of self-reported sleep duration (≤ 5 

hours, 6 hours, 7–8 hours, ≥9 hours per 24 hours). The means and frequencies for all 

covariates were compared with ANOVA or Chi-squared testing between categories of self-

reported sleep duration.

The change in eGFR from 1989 to 2000 was calculated for each individual. In the primary 

analysis, logistic regression was used to examine the association of rapid decline in renal 

function with category of baseline sleep duration, using the most populous category, 7–8 

hours per night, as the reference. Models were adjusted for established risk factors for CKD 

(age [continuous], systolic blood pressure [continuous], BMI [continuous], history of 

cardiovascular disease [yes/no], diabetes [yes/no], hypertension [yes/no], 

hypercholesterolemia [yes/no], smoking status [current/previous/never], and acetaminophen 

use [≥1 per week, which is associated with renal function decline in this cohort]).(27, 28) In 

addition, we controlled for factors that could have hemodynamic effects on eGFR (ACE-i 

use at baseline [yes/no], ACE-I use at follow-up [yes/no], NSAID use at baseline [≥1 per 

week], and NSAID use at follow-up [≥1 per week]. Hosmer and Lemeshow Goodness-of-Fit 

test was performed to ensure logistic regression models were appropriate. An additional 

analysis was performed in which the number of years that a participant worked rotating 

night shifts was included in the multivariable models. A secondary analysis was performed 

using multivariable linear regression to examine the association of sleep duration with 

annualized rate of eGFR decline from1989 to 2000. The association of sleep-duration in 

1986 and the presence of albuminuria in 2000 was examined with multivariable logistic 

regression, adjusting for predictors of CKD. Lastly, among 4063 individuals with normal 

renal function at baseline, eGFR ≥ 60ml/min/1.73m2, multivariable logistic regression was 

used to examine the association of incident CKD with category of baseline sleep duration.

In a sensitivity analysis of repeated measures, the association of baseline sleep duration with 

decline in eGFR was examined using linear mixed effects analysis; this analysis included all 

available measurements of serum creatinine from 1989 to 2007 in women with serum 

creatinine measured on at least two occasions. We assumed random intercepts and slopes to 

model eGFR over time; the interaction term of sleep category with time was used to assess 

for an association of sleep duration with annualized eGFR decline. This model was adjusted 
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for the same covariates included in the primary multivariable model mentioned above. In 

another sensitivity analysis, we repeated our primary analysis after excluding all 1,214 

individuals with baseline hypertension. Lastly we repeated the analysis of the association of 

sleep-duration and presence of albuminuria with albuminuria measured using a sex specific 

cut-off (ie, UACR ≥25mg/g).

All analyses were performed with SAS statistical software (Cary, NC). Two-tailed p-values 

<0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by grants from the National Institute of Diabetes and Digestive and Kidney Diseases 
(NIDDK) (DK91417, DK52866 and DK52866) and from the National Institute of Health (NIH) (UM1 CA186107, 
and R01 CA49449). These results have been accepted for presentation at the 2015 ASN Kidney Week Annual 
Meeting in San Diego, CA.

The authors would like to thank the participants and staff of the Nurses’ Health Study, in particular Elaine 
Coughlin-Gifford for help with statistical programming.

References

1. Zuber AM, Centeno G, Pradervand S, Nikolaeva S, Maquelin L, Cardinaux L, et al. Molecular clock 
is involved in predictive circadian adjustment of renal function. Proceedings of the National 
Academy of Sciences of the United States of America. 2009; 106(38):16523–8. Epub 2009/10/07. 
[PubMed: 19805330] 

2. Charloux A, Gronfier C, Chapotot F, Ehrhart J, Piquard F, Brandenberger G. Sleep deprivation 
blunts the night time increase in aldosterone release in humans. Journal of sleep research. 2001; 
10(1):27–33. Epub 2001/04/04. [PubMed: 11285052] 

3. Charloux A, Gronfier C, Lonsdorfer-Wolf E, Piquard F, Brandenberger G. Aldosterone release 
during the sleep-wake cycle in humans. The American journal of physiology. 1999; 276(1 Pt 
1):E43–9. Epub 1999/01/14. [PubMed: 9886949] 

4. Rakova N, Juttner K, Dahlmann A, Schroder A, Linz P, Kopp C, et al. Long-term space flight 
simulation reveals infradian rhythmicity in human Na(+) balance. Cell metabolism. 2013; 17(1):
125–31. Epub 2013/01/15. [PubMed: 23312287] 

5. Nikolaeva S, Pradervand S, Centeno G, Zavadova V, Tokonami N, Maillard M, et al. The circadian 
clock modulates renal sodium handling. J Am Soc Nephrol. 2012; 23(6):1019–26. [PubMed: 
22440902] 

6. Tokonami N, Mordasini D, Pradervand S, Centeno G, Jouffe C, Maillard M, et al. Local renal 
circadian clocks control fluid-electrolyte homeostasis and BP. J Am Soc Nephrol. 2014; 25(7):
1430–9. Epub 2014/03/22. [PubMed: 24652800] 

7. Gangwisch JE, Feskanich D, Malaspina D, Shen S, Forman JP. Sleep Duration and Risk for 
Hypertension in Women: Results from The Nurses’ Health Study. Am J Hypertens. 2013

8. Ayas NT, White DP, Al-Delaimy WK, Manson JE, Stampfer MJ, Speizer FE, et al. A prospective 
study of self-reported sleep duration and incident diabetes in women. Diabetes Care. 2003; 26(2):
380–4. [PubMed: 12547866] 

9. Ayas NT, White DP, Manson JE, Stampfer MJ, Speizer FE, Malhotra A, et al. A prospective study of 
sleep duration and coronary heart disease in women. Arch Intern Med. 2003; 163(2):205–9. Epub 
2003/01/28. [PubMed: 12546611] 

McMullan et al. Page 9

Kidney Int. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10. Turek NF, Ricardo AC, Lash JP. Sleep disturbances as nontraditional risk factors for development 
and progression of CKD: review of the evidence. Am J Kidney Dis. 2012; 60(5):823–33. Epub 
2012/06/26. [PubMed: 22727724] 

11. Yamamoto R, Nagasawa Y, Iwatani H, Shinzawa M, Obi Y, Teranishi J, et al. Self-reported sleep 
duration and prediction of proteinuria: a retrospective cohort study. Am J Kidney Dis. 2012; 59(3):
343– 55. Epub 2011/10/25. [PubMed: 22019276] 

12. Agarwal R, Light RP. Sleep and activity in chronic kidney disease: a longitudinal study. Clin J Am 
Soc Nephrol. 2011; 6(6):1258–65. Epub 2011/03/19. [PubMed: 21415310] 

13. Parker KP, Bliwise DL, Bailey JL, Rye DB. Polysomnographic measures of nocturnal sleep in 
patients on chronic, intermittent daytime haemodialysis vs those with chronic kidney disease. 
Nephrol Dial Transplant. 2005; 20(7):1422–8. Epub 2005/04/21. [PubMed: 15840682] 

14. Martino TA, Oudit GY, Herzenberg AM, Tata N, Koletar MM, Kabir GM, et al. Circadian rhythm 
disorganization produces profound cardiovascular and renal disease in hamsters. Am J Physiol 
Regul Integr Comp Physiol. 2008; 294(5):R1675–83. Epub 2008/02/15. [PubMed: 18272659] 

15. Petrov ME, Kim Y, Lauderdale DS, Lewis CE, Reis JP, Carnethon MR, et al. Objective sleep, a 
novel risk factor for alterations in kidney function: the CARDIA study. Sleep Med. 2014; 15(9):
1140–6. Epub 2014/07/20. [PubMed: 25037841] 

16. Haack M, Serrador J, Cohen D, Simpson N, Meier-Ewert H, Mullington JM. Increasing sleep 
duration to lower beat-to-beat blood pressure: a pilot study. Journal of sleep research. 2013; 22(3):
295– 304. Epub 2012/11/23. [PubMed: 23171375] 

17. Leproult R, Deliens G, Gilson M, Peigneux P. Beneficial Impact of Sleep Extension on Fasting 
Insulin Sensitivity in Adults with Habitual Sleep Restriction. Sleep. 2014 Epub 2014/10/29. 

18. Buxton OM, Cain SW, O’Connor SP, Porter JH, Duffy JF, Wang W, et al. Adverse metabolic 
consequences in humans of prolonged sleep restriction combined with circadian disruption. Sci 
Transl Med. 2012; 4(129):129ra43.

19. Lauderdale DS, Knutson KL, Yan LL, Liu K, Rathouz PJ. Self-reported and measured sleep 
duration: how similar are they? Epidemiology. 2008; 19(6):838–45. Epub 2008/10/16. [PubMed: 
18854708] 

20. Stampfer MJ, Willett WC, Colditz GA, Rosner B, Speizer FE, Hennekens CH. A prospective study 
of postmenopausal estrogen therapy and coronary heart disease. N Engl J Med. 1985; 313(17):
1044–9. [PubMed: 4047106] 

21. Levey AS, Inker LA, Matsushita K, Greene T, Willis K, Lewis E, et al. GFR decline as an end 
point for clinical trials in CKD: a scientific workshop sponsored by the National Kidney 
Foundation and the US Food and Drug Administration. Am J Kidney Dis. 2014; 64(6):821–35. 
Epub 2014/12/03. [PubMed: 25441437] 

22. Levey AS, Eckardt KU, Tsukamoto Y, Levin A, Coresh J, Rossert J, et al. Definition and 
classification of chronic kidney disease: a position statement from Kidney Disease: Improving 
Global Outcomes (KDIGO). Kidney Int. 2005; 67(6):2089–100. Epub 2005/05/11. [PubMed: 
15882252] 

23. Levin NW, Kotanko P, Eckardt KU, Kasiske BL, Chazot C, Cheung AK, et al. Blood pressure in 
chronic kidney disease stage 5D-report from a Kidney Disease: Improving Global Outcomes 
controversies conference. Kidney Int. 2010; 77(4):273–84. [PubMed: 20016467] 

24. Mattix HJ, Hsu CY, Shaykevich S, Curhan G. Use of the albumin/creatinine ratio to detect 
microalbuminuria: implications of sex and race. J Am Soc Nephrol. 2002; 13(4):1034–9. Epub 
2002/03/26. [PubMed: 11912263] 

25. Warram JH, Gearin G, Laffel L, Krolewski AS. Effect of duration of type I diabetes on the 
prevalence of stages of diabetic nephropathy defined by urinary albumin/creatinine ratio. J Am Soc 
Nephrol. 1996; 7(6):930–7. Epub 1996/06/01. [PubMed: 8793803] 

26. Connell SJ, Hollis S, Tieszen KL, McMurray JR, Dornan TL. Gender and the clinical usefulness of 
the albumin: creatinine ratio. Diabet Med. 1994; 11(1):32–6. Epub 1994/01/01. [PubMed: 
8181249] 

27. Curhan GC, Knight EL, Rosner B, Hankinson SE, Stampfer MJ. Lifetime nonnarcotic analgesic 
use and decline in renal function in women. Arch Intern Med. 2004; 164(14):1519–24. Epub 
2004/07/28. [PubMed: 15277282] 

McMullan et al. Page 10

Kidney Int. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Taal MW, Brenner BM. Renal risk scores: progress and prospects. Kidney Int. 2008; 73(11):1216– 
9. Epub 2008/03/07. [PubMed: 18322541] 

29. Fung TT, Chiuve SE, McCullough ML, Rexrode KM, Logroscino G, Hu FB. Adherence to a 
DASHstyle diet and risk of coronary heart disease and stroke in women. Arch Intern Med. 2008; 
168(7):713–20. Epub 2008/04/17. [PubMed: 18413553] 

McMullan et al. Page 11

Kidney Int. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McMullan et al. Page 12

Ta
b

le
 1

C
om

pa
ri

so
n 

of
 b

as
el

in
e 

co
va

ri
at

es
 a

cr
os

s 
ca

te
go

ri
es

 o
f 

sl
ee

p 
du

ra
tio

n 
in

 N
H

S 
I 

w
ith

 s
er

um
 C

r 
m

ea
su

re
d 

in
 1

98
9 

an
d 

20
00

.

C
at

eg
or

y 
of

 s
le

ep
 d

ur
at

io
n 

(r
ep

or
te

d 
in

 1
98

6)

C
ov

ar
ia

te
A

ll 
(n

=4
23

8)
≤ 

5 
ho

ur
s 

(n
=1

57
)

6 
ho

ur
s 

(n
=1

00
7)

7–
8 

ho
ur

s 
(n

=2
88

2)
≥9

 h
ou

rs
 (

n=
19

2)
P

-v
al

ue
a

M
ea

n 
(S

D
)

A
ge

 (
ye

ar
s)

58
.0

 (
6.

6)
57

.7
 (

6.
3)

57
.6

 (
6.

6)
58

.1
 (

6.
5)

58
.7

 (
7.

1)
0.

08

eG
FR

b  
(m

l/m
in

/1
.7

3m
2 )

88
.3

 (
25

.0
)

89
.5

 (
20

.6
)

89
.9

 (
37

.4
)

87
.8

 (
19

.5
)

86
.8

 (
19

.1
)

0.
11

SB
P 

(m
m

H
g)

12
7 

(1
4)

13
0 

(1
5)

12
8 

(1
4)

12
7 

(1
3)

12
9 

(1
4)

0.
08

B
M

I 
(k

g/
m

2 )
25

.8
 (

5.
1)

27
.8

 (
6.

3)
26

.3
 (

5.
5)

25
.5

 (
4.

9)
26

.2
 (

5.
7)

<
0.

00
1

A
ct

iv
ity

 (
M

E
T

S/
w

ee
k)

16
.7

 (
21

.5
)

15
.0

 (
19

.1
)

16
.0

 (
19

.0
)

17
.2

 (
22

.7
)

14
.8

 (
16

.4
)

0.
16

N
 (

%
)

Sm
ok

in
g 

hi
st

or
y

 
C

ur
re

nt
50

2 
(1

1.
9)

23
 (

14
.7

)
13

0 
(1

2.
9)

32
3 

(1
1.

2)
27

 (
13

.5
)

0.
32

 
Pr

ev
io

us
17

44
 (

41
.2

)
55

 (
35

.0
)

40
6 

(4
0.

4)
11

93
 (

41
.5

)
90

 (
46

.9
)

 
N

ev
er

19
83

(4
6.

8)
79

 (
50

.3
)

46
8 

(4
6.

5)
13

60
 (

47
.2

)
76

 (
39

.6
)

 
M

is
si

ng
9 

(0
.2

)
0 

(0
)

3 
(0

.3
)

6 
(0

.2
)

0 
(0

)

H
is

to
ry

 o
f

 
D

ia
be

te
s

41
0 

(9
.7

)
20

 (
12

.7
)

11
0 

(1
0.

9)
25

2 
(8

.7
)

28
 (

14
.6

)
0.

00
9

 
H

yp
er

te
ns

io
n

12
14

 (
28

.7
)

53
 (

33
.8

)
31

4 
(3

1.
2)

78
1 

(2
7.

1)
66

 (
34

.4
)

0.
01

 
C

ar
di

ov
as

cu
la

r 
di

se
as

e
16

4 
(3

.8
)

10
 (

6.
3)

53
 (

5.
2)

91
 (

3.
1)

10
 (

5.
2)

0.
00

5

 
H

yp
er

ch
ol

es
te

ro
le

m
ia

18
28

 (
43

.1
)

69
 (

44
.0

)
45

4 
(4

5.
1)

12
18

 (
42

.3
)

87
 (

45
.3

)
0.

41

 
N

SA
ID

d  
us

e 
19

90
e

99
2 

(2
7.

7)
38

 (
28

.2
)

25
8 

(3
0.

0)
64

3 
(2

6.
5)

53
(3

2.
7)

0.
10

 
N

SA
ID

 u
se

 2
00

0 
e

93
4 

(2
2.

0)
29

 (
18

.5
)

22
9 

(2
2.

7)
63

2 
(2

1.
9)

44
 (

22
.9

)
0.

67

A
ce

ta
m

en
op

he
n 

us
ee

67
2 

(1
8.

7)
31

 (
23

.0
)

17
5 

20
.2

)
44

2 
(1

8.
3)

24
 (

14
.9

)
0.

19

A
C

E
- 

If
 u

se
 in

 1
98

8
10

8 
(2

.5
)

3 
(1

.9
)

31
 (

3.
1)

70
 (

2.
4)

4 
(2

.1
)

0.
63

A
C

E
-I

f  u
se

 in
 2

00
0

57
9 

(1
3.

7)
17

 (
10

.8
)

15
6 

(1
5.

5)
37

9 
(1

3.
2)

27
 (

14
.1

)
0.

20

a P-
va

lu
es

 a
re

 c
al

cu
la

te
d 

us
in

g 
A

N
O

V
A

 te
st

 f
or

 c
on

tin
uo

us
 v

ar
ia

bl
es

 a
nd

 C
hi

-s
qu

ar
e 

fo
r 

ca
te

go
ri

ca
l v

ar
ia

bl
es

.

b eG
FR

: e
st

im
at

ed
 g

lo
m

er
ul

ar
 f

ilt
ra

tio
n 

ra
te

 c
al

cu
la

te
d 

us
in

g 
th

e 
M

D
R

D
 e

qu
at

io
n.

c D
A

SH
: D

ie
ta

ry
 a

pp
ro

ac
he

s 
to

 s
to

p 
hy

pe
rt

en
si

on
. T

he
 D

A
SH

 d
ie

t s
co

re
 is

 c
on

st
ru

ct
ed

 b
as

ed
 o

n 
ho

w
 c

lo
se

ly
 a

 d
ie

t r
es

em
bl

es
 a

 D
A

SH
 d

ie
t; 

hi
gh

 f
ru

it 
an

d 
ve

ge
ta

bl
e 

in
ta

ke
 a

nd
 lo

w
 in

ta
ke

 o
f 

re
d 

an
d 

pr
oc

es
se

d 
m

ea
ts

 a
nd

 s
od

iu
m

(2
9)

.

Kidney Int. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McMullan et al. Page 13
d N

SA
ID

: N
on

-s
te

ro
id

al
 a

nt
i-

in
fl

am
m

at
or

y 
dr

ug
.

e N
SA

ID
 a

nd
 A

ce
ta

m
in

op
he

n 
us

e 
m

or
e 

th
an

 o
nc

e 
pe

r 
w

ee
k.

f A
C

E
-I

: A
ng

io
te

ns
in

 c
on

ve
rt

in
g 

en
zy

m
e 

in
hi

bi
to

r

Kidney Int. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McMullan et al. Page 14

Ta
b

le
 2

O
dd

s 
ra

tio
 o

f 
eG

FR
 d

ec
re

as
e 

of
 ≥

30
%

 b
et

w
ee

n 
19

89
 a

nd
 2

00
0 

by
 c

at
eg

or
y 

of
 s

le
ep

 d
ur

at
io

n.

C
at

eg
or

y 
of

 s
le

ep
 d

ur
at

io
n 

(r
ep

or
te

d 
in

 1
98

6)
N

um
be

r 
of

 in
di

vi
du

al
s

N
um

be
r 

of
 e

ve
nt

s 
(e

G
F

R
 

de
cr

ea
se

 ≥
30

%
)

M
ea

n 
eG

F
R

 d
ec

lin
e 

(S
D

)

O
dd

s 
R

at
io

 (
95

%
 C

I)

A
ge

 a
dj

us
te

d
P

-v
al

ue
s

F
ul

ly
 A

dj
us

te
da

P
-v

al
ue

s
P

-t
re

nd

≤5
 h

ou
rs

15
7

31
13

.8
 (

22
.6

)
1.

91
 (

1.
27

 –
 2

.8
8)

0.
00

2
1.

79
 (

1.
06

 –
 3

.0
3)

0.
03

0.
00

5
6 

ho
ur

s
10

07
14

4
12

.4
 (

37
.8

)
1.

30
 (

1.
05

 –
 1

.6
0)

0.
01

1.
31

 (
1.

01
 –

 1
.7

1)
0.

04

7–
8 

ho
ur

s
28

82
33

1
9.

9 
(1

8.
1)

1.
00

R
ef

er
en

ce
1.

00
R

ef
er

en
ce

≥9
 h

ou
rs

19
2

23
10

.0
 (

16
.2

)
1.

04
 (

0.
66

 –
 1

.6
3)

0.
88

0.
88

 (
0.

50
 –

 1
.5

7)
0.

67

a A
dj

us
te

d 
fo

r 
ag

e,
 s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e,
 b

od
y 

m
as

s 
in

de
x,

 b
as

el
in

e 
eG

FR
, h

is
to

ry
 o

f 
di

ab
et

es
, h

is
to

ry
 o

f 
ca

rd
io

va
sc

ul
ar

 d
is

ea
se

, h
is

to
ry

 o
f 

hy
pe

rc
ho

le
st

er
ol

em
ia

, h
is

to
ry

 o
f 

hy
pe

rt
en

si
on

, a
ce

ta
m

in
op

he
n 

us
e,

 A
C

E
-I

 u
se

 (
19

88
 a

nd
 2

00
0)

, N
SA

ID
 u

se
 (

19
90

 a
nd

 2
00

0)
, a

nd
 s

m
ok

in
g 

st
at

us
 (

cu
rr

en
t, 

pr
ev

io
us

, n
ev

er
).

Kidney Int. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McMullan et al. Page 15

Ta
b

le
 3

A
ve

ra
ge

 a
nn

ua
liz

ed
 c

ha
ng

e 
in

 e
G

FR
 f

ro
m

 1
98

9 
to

 2
00

0 
by

 c
at

eg
or

y 
of

 s
le

ep
 d

ur
at

io
n.

C
at

eg
or

y 
of

 s
le

ep
 d

ur
at

io
n 

(r
ep

or
te

d 
in

 1
98

6)

A
ge

 a
dj

us
te

d
F

ul
ly

 A
dj

us
te

 d
a

N
um

be
r 

of
 in

di
vi

du
al

s
A

nn
ua

liz
ed

 e
G

F
R

 c
ha

ng
e 

(S
D

) 
(m

l/m
in

/
1.

73
m

2 /
ye

ar
)

P
 v

al
ue

A
nn

ua
liz

ed
 e

G
F

R
 c

ha
ng

e 
(S

D
) 

(m
l/m

in
/

1.
73

m
2 /

ye
ar

)
P

 v
al

ue
P

-t
re

nd

≤5
 h

ou
rs

15
7

−
 1

.3
 (

0.
2)

0.
05

−
 1

.2
 (

0.
1)

0.
01

0.
00

8
6 

ho
ur

s
10

07
−

 1
.1

 (
0.

1)
0.

00
5

−
 0

.9
 (

0.
1)

0.
10

7–
8 

ho
ur

s
28

82
−

 0
.9

 (
0.

1)
R

ef
er

en
ce

−
 0

.8
 (

0.
1)

R
ef

er
en

ce

≥9
 h

ou
rs

19
2

−
 0

.9
 (

0.
2)

0.
99

−
 0

.8
 (

0.
1)

0.
81

a A
dj

us
te

d 
fo

r 
A

ge
, s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e,
 b

od
y 

m
as

s 
in

de
x,

 e
G

FR
, h

is
to

ry
 o

f 
di

ab
et

es
, h

is
to

ry
 o

f 
ca

rd
io

va
sc

ul
ar

 d
is

ea
se

, h
is

to
ry

 o
f 

hy
pe

rc
ho

le
st

er
ol

em
ia

, h
is

to
ry

 o
f 

hy
pe

rt
en

si
on

, a
ce

ta
m

in
op

he
n 

us
e,

 
A

C
E

-I
 u

se
 (

19
88

 a
nd

 2
00

0)
, N

SA
ID

 u
se

 (
19

90
 a

nd
 2

00
0)

, a
nd

 s
m

ok
in

g 
st

at
us

 (
cu

rr
en

t, 
pr

ev
io

us
, n

ev
er

).

Kidney Int. Author manuscript; available in PMC 2017 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

McMullan et al. Page 16

Ta
b

le
 4

M
ix

ed
 e

ff
ec

ts
 m

od
el

 f
or

 a
ve

ra
ge

 a
nn

ua
liz

ed
 c

ha
ng

e 
in

 e
G

FR
, i

nc
lu

di
ng

 a
ll 

eG
FR

 m
ea

su
re

m
en

ts
.

C
at

eg
or

y 
of

 s
le

ep
 

du
ra

ti
on

 (r
ep

or
te

d 
in

 1
98

6)
N

um
be

r 
of

 I
nd

iv
id

ua
ls

A
ge

 a
dj

us
te

d
F

ul
ly

 A
dj

us
te

da

A
nn

ua
liz

ed
 e

G
F

R
 

ch
an

ge
 (

m
l/m

in
/

1.
73

m
2 /

ye
ar

)
P

-v
al

ue
P

-v
al

ue
 fo

r 
gr

ou
p 

ef
fe

ct
 o

f 
sl

ee
p 

du
ra

ti
on

A
nn

ua
liz

ed
 e

G
F

R
 

ch
an

ge
 (

m
l/m

in
/1

.7
3m

2 /
ye

ar
)

P
-v

al
ue

P
-v

al
ue

 fo
r 

gr
ou

p 
ef

fe
ct

 o
f 

sl
ee

p 
du

ra
ti

on

≤5
 h

ou
rs

15
9

−
 1

.0
0.

27

0.
00

2

−
 1

.0
0.

44

0.
00

4
6 

ho
ur

s
10

14
−

 1
.1

0.
00

02
−

 1
.1

0.
00

04

7–
8 

ho
ur

s
29

01
−

 0
.9

R
ef

er
en

ce
−

 0
.9

R
ef

er
en

ce

≥ 
9 

ho
ur

s
19

4
−

 0
.8

0.
77

−
 0

.8
0.

55

a A
dj

us
te

d 
fo

r 
A

ge
, s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e,
 b

od
y 

m
as

s 
in

de
x,

 h
is

to
ry

 o
f 

di
ab

et
es

, h
is

to
ry

 o
f 

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
, h

is
to

ry
 o

f 
hy

pe
rc

ho
le

st
er

ol
em

ia
, h

is
to

ry
 o

f 
hy

pe
rt

en
si

on
, a

ce
ta

m
in

op
he

n 
us

e 
at

 b
as

el
in

e,
 

A
C

E
-I

 a
nd

 N
SA

ID
 u

se
 a

s 
tim

e 
va

ry
in

g 
co

va
ri

at
es

 a
nd

 s
m

ok
in

g 
st

at
us

 (
cu

rr
en

t, 
pr

ev
io

us
, n

ev
er

).

Kidney Int. Author manuscript; available in PMC 2017 June 01.


	Abstract
	INTRODUCTION
	RESULTS
	Participant baseline characteristics
	Association of baseline sleep duration with eGFR decline
	Association of baseline sleep duration with albuminuria
	Sensitivity analyses

	DISCUSSION
	METHODS
	Study Design and Study Participants
	Sleep duration
	Renal function
	Other covariates
	Statistical Analysis

	References
	Table 1
	Table 2
	Table 3
	Table 4

