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Study Objectives: Recent studies implicate inadequate sleep duration and quality in metabolic disease. Fewer studies have examined the timing of  sleep, 
which may be important because of  its potential impact on circadian rhythms of  metabolic function. We examined the association between sleep timing and 
metabolic risk among Hispanic/Latino adults.
Methods: Cross-sectional data from community-based study of  13 429 participants aged 18–74 years. People taking diabetic medications were excluded. 
Sleep timing was determined from self-reported bedtimes and wake times. Chronotype was defined as the midpoint of  sleep on weekends adjusted for sleep 
duration on weekdays. Other measurements included body mass index (BMI), fasting glucose levels, estimated insulin resistance (HOMA-IR), glucose levels 
2 hours post oral glucose ingestion, and hemoglobin A1c. Survey linear regression models tested associations between sleep timing and metabolic measures. 
Analyses were stratified by diabetes status and age-group when significant interactions were observed.
Results: Among participants with diabetes, fasting glucose levels were positively associated with bedtime (approximately +3%/hour later, p < .01) and midpoint 
of  sleep (approximately +2%/hour later, p < .05). In participants with and without diabetes combined, HOMA-IR was positively associated with midpoint of  sleep 
(+1.5%/hr later, p < .05), and chronotype (+1.2%/hour later, p < .05). Associations differed by age-group. Among those  < 36 years, later sleep timing was associ-
ated with lower BMI, lower fasting glucose, and lower HbA1c, but the opposite association was observed among older participants.
Conclusions: Later sleep timing was associated with higher estimated insulin resistance across all groups. Some associations between sleep timing and meta-
bolic measures may be age-dependent.
Keywords: sleep timing, diabetes, insulin resistance, circadian.

INTRODUCTION
Chronic metabolic diseases, such as obesity and diabetes, 
constitute a significant burden on Americans, and Hispanics/
Latinos are disproportionately affected compared to non-His-
panic whites.1,2 These metabolic diseases can lead to reduced 
quality of life, lower life expectancy, and increased health-
care costs. Furthermore, the Hispanic/Latino population in the 
United States is predicted to more than double from 2012 to 
2060,3 and if the disparities in metabolic diseases persist, then 
a greater proportion of Americans will be afflicted. Clearly, a 
more thorough understanding of the determinants of metabolic 
diseases in diverse Hispanic/Latino groups is warranted. The 
current study explores sleep timing as a potential novel deter-
minant of metabolic disease.

Much attention has been devoted to examining the associ-
ation between sleep duration and metabolic disease risk,4–6 
although little work has examined this association in Hispanic/
Latino populations. The timing of sleep is another distinct 
characteristic of sleep patterns that may impact metabolic dis-
ease risk independent of sleep duration, possibly through the 
effects of circadian rhythms on metabolism. The timing of sleep 

is driven by both endogenous circadian rhythms that regulate 
sleep propensity, energy homeostasis and metabolism as well 
as by sociocultural factors that influence behavior. A previous 
observational study reported that individuals who sleep at a 
later clock time had higher body mass index (BMI), ate more 
calories after 8:00 PM, and had less healthy diets.7 In addition, 
individuals with a preference for later bedtimes were more 
likely to have diabetes.8

Thus, the aim of this study was to examine the association 
between the timing of sleep and metabolic disease biomarkers 
in a community-based sample of Hispanic/Latino adults who 
participated in the Hispanic Community Health Study/Study of 
Latinos (HCHS/SOL). We hypothesized that later sleep times 
would be associated with greater metabolic disease risk factors.

METHODS

Sample
The HCHS/SOL is a community-based cohort study of 16 415 
self-identified noninstitutionalized Hispanic/Latino adults aged 
18–74 years at the time of screening. The primary objectives 

Statement of Significance
Much research has examined associations between sleep duration or quality and metabolic health, but less attention has been paid to sleep timing and 
metabolism. We examined this association in a large sample of  Hispanics/Latinos, a group disproportionately burdened by diabetes and obesity. We found 
that later sleep timing was significantly associated with higher estimated insulin resistance in both those with and without diabetes combined. In partici-
pants with diabetes, later timing was also associated with higher fasting glucose. The relationship between sleep timing and some metabolic measures dif-
fered between younger people ( < 36 years) and older individuals (36–70 years). This study was cross-sectional, so causality cannot be determined. Future 
research should test the metabolic effects of  manipulating sleep timing at different ages.
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of HCHS/SOL are to obtain information about the health sta-
tus and disease burden of US Hispanics/Latinos and to exam-
ine the associations between baseline risk factors and disease 
incidence on follow-up evaluations. Participants were recruited 
between 2008 and 2011 from randomly selected households 
in four US field centers (Bronx, NY; Chicago, IL; Miami, FL; 
San Diego, CA) using a stratified two-stage probability sample 
design. In order to obtain an ethnically and socioeconomically 
diverse and representative sample, HCHS/SOL deliberately 
oversampled community areas with higher concentrations of 
Hispanic/Latino households, randomly selected census block 
groups from these defined community areas and then randomly 
selected households in these community block groups. Details 
on study design, including the sleep assessment, have been pub-
lished previously.9–11 This study presents data from the baseline 
examination. The Institutional Review Boards of the participat-
ing institutions reviewed and approved the study protocol, and 
all participants provided written informed consent.

Measurements
The baseline clinical examination10 included anthropometric 
measurements, a fasting blood sample, an oral glucose toler-
ance test, and sociodemographic and behavioral assessments. 
Questionnaires were administered in Spanish or English based 
on the participant’s language preference.

Weight and height were measured with participants wearing 
light clothing, and body mass index (BMI) was calculated by 
dividing weight (kg) by height (m2). Obesity was defined as a 
BMI ≥30 kg/m2. Fasting blood samples were collected soon 
after arrival and at 120 min after oral glucose ingestion (oral 
glucose tolerance test). Glucose, insulin, and hemoglobin A1c 
levels were measured on the fasting blood sample, and glu-
cose was measured again on the 120-min blood sample. The 
homeostatic assessment of insulin resistance (HOMA-IR) was 
calculated using the following formula: (fasting plasma insulin 
(mU/l) × fasting plasma glucose (mmol/l)) / 22.5.12,13 Diabetes 
was defined as a fasting glucose value ≥126 mg/dl if fasting 
time was >8 hr or fasting glucose ≥200 if fasting time was 
<8 hr, or glucose level ≥200 mg/dl 120 min after oral glucose 
ingestion, or hemoglobin A1c ≥6.5% or the use of antidiabetes 
medication. Participants brought all medications to the exam-
ination, and medication names and dosages were recorded by 
study personnel.

The HCHS/SOL sleep questionnaire was adapted from the 
Sleep Heart Health Study Sleep Habits Questionnaire.14 Self-
reported sleep timing was assessed separately for weekdays (or 
work/school days) and weekends (or free days) using the fol-
lowing questions: “What time do you usually go to bed?” and 
“What time do you usually wake up?” Sleep duration was esti-
mated as the interval between bedtime and wake time for week-
days and weekends separately. Weekly average sleep duration 
was calculated with the following formula: (weekday value × 
5 +weekend value × 2)/7. We also calculated the midpoint of the 
sleep period for both weekdays and weekends. Chronotype was 
calculated using the method proposed by Roenneberg et al.15 
This measure is meant to represent when a person prefers to 
sleep, an indicator of endogenous circadian phase. It is calcu-
lated by determining the average midpoint of the sleep period 

on weekends but is corrected for average sleep duration on 
weekdays to account for any accumulated sleep debt during the 
week that may result in an extended time in bed.

Sleep-disordered breathing was objectively measured using a 
sleep apnea monitor for overnight recording (ARES Unicorder 
5.2; B-Alert, Carlsbad, CA), which measures airflow using a 
nasal pressure cannula and transducer, hemoglobin oxygen sat-
uration using reflectance oximetry, head movement and position 
using actigraphy, and a microphone to record snoring levels.11 
Sleep records were scored at a central sleep reading center by 
registered polysomnographic technologists. Hypopnea was 
defined as a 50% or greater reduction in airflow lasting ≥10 sec 
combined with an associated oxygen desaturation ≥3%. The 
apnea–hypopnea index (AHI) was calculated and dichotomized 
as AHI ≥15 versus AHI < 15, which is the standard cutoff for 
moderate sleep apnea.

Sociodemographic variables included in this study were 
Hispanic/Latino background (i.e., Mexican, Cuban, Puerto 
Rican, Dominican, Central American, South American, or 
missing ethnicity), age, gender, income, education, household 
size, marital status (single, married, or separated), duration of 
residence in the United States (<10 vs. ≥10 years), employ-
ment status, and shift work status. Annual household income 
was categorized into four groups: <$20 000, $20 000–$50 000, 
>$50 000, or not reported. Education was also categorized into 
three groups: <high school, high school or equivalent, and 
>high school or equivalent. Household size was measured by 
asking the respondent for the number of people supported by 
the household income during the past year. Employment status 
and shiftwork status were combined to create the following cat-
egories: (1) retired or not working, (2) part-time nonshift work-
ers, (3) part-time shift workers, (4) full-time nonshift workers, 
and (5) full time shift workers.

Statistical Analyses
Of the 16 415 HCHS/SOL participants, 1823 were excluded 
due to use of hypoglycemic medications. Participants taking 
diabetic medications were excluded from the regression anal-
yses because variability in the type, dosage, and duration of 
medication use could confound the associations and were 
not measureable. In addition, 1163 were excluded because of 
missing data on average sleep duration (n = 791), employment 
and work shift status (n = 39), or other covariates (n = 333). 
We compared available variables between those excluded due 
to missing data and those included in the final analyses. On 
average, the excluded sample was slightly younger (39.1 vs. 
39.8 years), had higher BMI (29.4 vs. 29.1 kg/m2), had higher 
fasting glucose (104.7 vs. 97.0 mg/dl), higher HOMA-IR (3.6 
vs. 3.1), higher 2-hr glucose (119.3 vs. 118.0 mg/dl), and a 
higher proportion of participants with diabetes (12.3% vs. 
6.9%). The final sample size for these analyses was 13 429 par-
ticipants. Of note, there were 667 participants without diabetes 
and 340 participants with diabetes but not taking medication 
who were missing the 2-hr glucose value. However, these par-
ticipants were only excluded from analyses of 2-hr glucose lev-
els. Also, there were 20 participants with missing data on the 
HOMA index of insulin resistance but they were only excluded 
from analyses of HOMA.
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Age and sex-adjusted means (continuous variables) or propor-
tions (categorical variables) were computed by Hispanic/Latino 
group for each variable. All reported values were weighted for 
survey design and nonresponse. Survey-specific procedures 
were used to compute 95% confidence intervals to account for 
the two-stage sampling design, stratification, and clustering. 
Comparisons across Hispanic/Latino groups were performed 
using the overall Wald’s test.

To examine the associations between the sleep timing varia-
bles and our key outcomes, survey regression models were used. 
Logistic regression was used for the dichotomous outcomes, 
including obesity and diabetes. Odds ratios with 95% CIs were 
computed. Linear regression models were used for the continu-
ous variables, including BMI, fasting glucose, HOMA-IR, 2-hr 
post-load glucose levels, and hemoglobin A1c levels. Both fast-
ing glucose and HOMA-IR were log transformed due to skewed 
distributions. Regression coefficients with standard errors were 
reported. Models were adjusted for age, gender, Hispanic/Latino 
background, study site, household income, education, house-
hold size, marital status, duration of residence in the United 
States ( <10 vs. ≥10 years), sleep duration (except for mod-
els that included sleep midpoint and chronotype because sleep 
duration is part of their calculations), AHI category, employ-
ment, and shift work status. We also tested interaction terms 
between the diabetes status and each sleep timing measure to 
see if the associations varied by diabetes status. For interaction 
terms that were significant, analyses were stratified by diabe-
tes status. Finally, we also tested interactions between the sleep 

timing variables and Hispanic/Latino background, sex, and age. 
For the interaction terms, age was grouped into four categories: 
≤35 years, 36–<55 years, 55–<70 years, and 70 years and older. 
All statistical tests were two-sided at a significance level of .05. 
All analyses were performed using complex survey procedures 
in SAS version 9.3 (SAS Institute).

RESULTS
Table 1 presents age- and sex-adjusted, weighted descriptive sta-
tistics for demographic and health variables overall and for each 
Hispanic/Latino group. Over one-third of the target population 
was obese and 14% were classified as having diabetes. Table 2 
presents age- and sex-adjusted, weighted descriptive statistics 
for the sleep timing variables overall and for each Hispanic/
Latino group. Overall, the average bedtime was 11:24 PM and 
wake time was 7:24 AM. Comparisons among the Hispanic/
Latino groups indicated that individuals of Mexican back-
ground had the earliest bedtimes and wake times. Average sleep 
duration was 8.0 hr. Mean sleep midpoint overall was 3:24 AM 
and mean chronotype, which adjusts for sleep duration, was 
4:00 AM. Chronotype varied substantially with 10.1% having 
a chronotype before 2:00 AM and 23.4% having a chronotype 
after 5:00 AM.

In logistic regression models, none of the sleep timing vari-
ables was associated with prevalent obesity or diabetes status 
(results not shown). Table 3 presents results of multivariable 
linear regression models for associations between sleep timing 

Table 1—Descriptive characteristics for HCHS/SOL target population overall and by Hispanic/Latino background groups.

All Mexican Cuban Puerto Rican Dominican Central 
American

South 
American

Other

Unweighted N 13 429 5460 1996 2008 1147 1471 922 425

Ageb 39.8 
(39.3–40.3)

37.5 
(36.8–38.3)

45.4 
(44.3–46.4)

41.1 
(40.0–42.2)

37.8 
(36.6–39.1)

38.9 
(37.9–39.9)

41.9 
(40.4–43.5)

33.2 
(31.8–34.6)

BMIb, kg/m2 29.1 
(28.9–29.3)

29.1 
(28.8–29.4)

28.5 
(28.1–28.8)

30.3 
(29.7–30.8)

29.1 
(28.7–29.6)

28.9 
(28.6–29.3)

27.8 
(27.4–28.3)

29.6 
(28.9–30.4)

Obesityb, % 37.9 
(36.5–39.3)

37.7 
(34.9–40.4)

35.0 
(32.3–37.6)

44.3 
(40.6–48.0)

39.2 
(35.8–42.7)

36.3 
(33.5–39.2)

29.1 
(25.2–33.0)

42.0 
(35.7–48.3)

Fasting glucoseb, mg/dl 97.0 
(96.4–97.6)

98.9 
(97.5–100.2)

95.8 
(94.9–96.8)

95.8 
(94.7–96.8)

94.6 
(93.7–95.6)

97.6 
(96.1–99.2)

94.9 
(94.0–95.9)

95.6 
(94.5–96.7)

HOMA_IRb 3.1  
(3.0–3.2)

3.2  
(3.0–3.3)

3.2  
(3.1–3.4)

3.2  
(3.0–3.4)

2.6  
(2.5–2.7)

3.2  
(3.1–3.4)

2.7  
(2.5–2.8)

3.1  
(2.8–3.3)

2-hr glucoseb (missing 
n = 1007)

118.0 
(117.0–119.0)

120.0 
(118.2–121.8)

118.0 
(115.9–120.1)

113.7 
(111.4–116.0)

116.3 
(113.6–119.0)

119.7 
(117.2–122.2)

117.5 
(114.3–120.6)

115.6 
(111.3–119.8)

Hemoglobin A1cb 5.5  
(5.5–5.6)

5.6  
(5.6–5.6)

5.4  
(5.4–5.5)

5.5  
(5.5–5.6)

5.5  
(5.5–5.6)

5.6  
(5.5–5.6)

5.4  
(5.4–5.5)

5.5  
(5.4–5.5)

Diabetesb, % 6.9  
(6.3–7.4)

8.2  
(7.2–9.1)

6.0  
(4.7–7.3)

5.8  
(4.6–7.0)

6.3  
(4.9–7.6)

7.4  
(5.9–8.8)

4.7  
(3.1–6.4)

6.3  
(4.2–8.4)

Abbreviations: HOMA_IR: HOMA index of  Insulin Resistance; CI, confidence interval; HCHS/SOL, Hispanic Community Health Study/Study of  Latinos.
aValues are presented as means (95% CI) or proportions (95% CI). Values were weighted for survey design and nonresponse and adjusted to mean age 
and male sex. The mean values of  age are sex−adjusted. 
bp < .001; comparisons across Hispanic/Latino groups were performed using the overall Wald’s test.
cp  < .01; comparisons across Hispanic/Latino groups were performed using the overall Wald’s test.
dp < .05; comparisons across Hispanic/Latino groups were performed using the overall Wald’s test. 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/40/4/zsx014/2962431 by guest on 27 O

ctober 2020



4 Sleep Timing, Obesity, and Diabetes—Knutson et al.SLEEP, Vol. 40, No. 4, 2017

variables and metabolic health measures. Among people with 
diabetes, fasting glucose levels were positively associated with 
a later bedtime (approximately +3% increase per hour later, p 
< .01) and a later midpoint of the sleep period (approximately 
+2% increase per hour later, p < .05). In participants with and 
without diabetes combined, a later wake time was associated 
with higher fasting glucose (approximately +3% increase per 
hour later, p < .05). Estimated insulin resistance (HOMA-IR) 
was positively associated with later midpoint of the sleep period 
(approximately +1.5% increase per hour later, p < .05), and later 

chronotype (approximately +1.2% increase per hour later, p < 
.05). There were no significant interactions by diabetes status 
for HOMA-IR. In participants with and without diabetes com-
bined, a later bedtime was associated with lower 2-hr glucose 
(approximately −0.4 mg/dl lower per hour later, p < .05). BMI 
and hemoglobin A1c levels were not associated with the sleep 
timing measures in these analyses. Overall, results were similar 
in sensitivity analyses excluding shift workers.

None of the interaction terms between the sleep tim-
ing variables and Hispanic/Latino background or sex was 

Table 3—Results from linear regression models for associations between 4 different sleep timing variables and 5 metabolic health measures (n = 13 429).

BMI, kg/m2, 
Regression  
coefficient (SE)

Log of fasting  
glucose, Regression  
coefficient (SE)

Log of HOMA− 
Insulin Resistance, 
Regression  
coefficient (SE)

2−hr glucose,  
mg/dl, Regression  
coefficient (SE)

HbA1c, Regression  
coefficient (SE)

Weekly bedtimeb (per clock 
hour)

−0.0895 (0.046) Diabetesc: 0.0266 
(0.009)d

No diabetes: 0.0010 
(0.001)

0.0128 (0.007) −0.4410 (0.218)e Diabetes: 0.0691 
(0.0363)
No diabetes: −0.0066 
(0.0036)

Weekly wake timeb (per 
clock hour)

−0.0008 (0.046) 0.0026 (0.001)e 0.0133 (0.007) −0.1250 (0.212) 0.0032 (0.005)

Weekly sleep midpointf  
(per clock hour)

−0.0664 (0.041) Diabetesc: 0.0232 
(0.009)e

No diabetes: 
0.0012 (0.001)

0.0145 (0.006)e −0.3283 (0.235) 0.0008 (0.005)

Chronotypef (per clock 
hour)

−0.0120 (0.035) 0.0017 (0.001) 0.0118 (0.005)e −0.1740 (0.186) 0.0008 (0.004)

aResults are stratified by individuals without diabetes and those with diabetes but who are not taking medication only when interaction terms were 
significant.
bAdjusted for age, sex, Hispanic/Latino background group, study site, income, education, household size, years in US ( < 10 vs ≥10 y), marital status, sleep 
duration, AHI category ( < 15 vs ≥15), diabetes, employment/shift work status.
cThe effect by diabetes status based on the model with interaction term.
dp < 0.01.
ep < .05.
fAdjusted for age, sex, Hispanic/Latino background group, study site, income, education, household size, years in US ( < 10 vs. ≥10 years), marital status, 
AHI category ( <15 vs. ≥15), diabetes, employment/shift work status.
gp < .001.

Table 2—Description of  sleep timing variables for HCHS/SOL target population overall and by Hispanic/Latino background groups.

All Mexican Cuban Puerto Rican Dominican Central  
American

South  
American

Other

Weekly average bedtimed 23.4 (23.3–23.5) 23.0 (23.0–23.1) 23.6 (23.5–23.7) 23.7 (23.4–23.9) 23.8 (23.6–23.9) 23.4 (23.3–23.5) 23.6 (23.4–23.8) 23.9 (23.6–24.3)

Weekly average wake timed 7.5 (7.4–7.5) 7.1 (7.0–7.2) 7.7 (7.6–7.8) 7.8 (7.6–8.1) 7.7 (7.6–7.9) 7.4 (7.2–7.5) 7.4 (7.2–7.6) 7.9 (7.5–8.2)

Weekly average midsleep pointb,d 3.4 (3.4–3.5) 3.1 (3.0–3.1) 3.7 (3.6–3.8) 3.7 (3.6–3.9) 3.7 (3.6–3.9) 3.4 (3.3–3.5) 3.5 (3.3–3.7) 3.9 (3.6–4.2)

Mean chronotypec,d 4.0 (3.9–4.0) 3.6 (3.5–3.6) 4.2 (4.1–4.3) 4.4 (4.3–4.6) 4.3 (4.1–4.5) 4.0 (3.9–4.2) 4.0 (3.8–4.2) 4.6 (4.3–5.0)

Weekly average sleep durationd 8.0 (7.9–8.0) 8.0 (8.0–8.1) 8.1 (8.0–8.2) 7.8 (7.7–7.9) 7.9 (7.8–8.0) 8.0 (7.9–8.0) 7.8 (7.7–7.9) 7.8 (7.5–8.0)

Abbreviations: CI, confidence interval; HCHS/SOL, Hispanic Community Health Study/Study of  Latinos.
aValues are presented as means (95% CI) or proportions (95% CI). Values were weighted for survey design and nonresponse and adjusted to mean age 
and male sex.
bmidsleep = waketime−0.5*time in bed.
cAverage midsleep on weekends minus 0.5 × (sleep duration on weekends − [(5 × sleep duration on weekdays + 2 × Sleep duration on weekends)/7]).
dp < .001; comparisons across Hispanic/Latino groups were performed using the overall Wald test.
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significant. There were significant interactions between sleep 
timing and age-group, however. Age stratified results for sig-
nificant interactions are presented in Table 4. Among partici-
pants ≤35 years of age, a later wake time and sleep midpoint 
was associated with lower BMI. The association between 
later bedtime and higher fasting glucose was observed only 
in those 36–≤55 years and 56–<70 years. Similarly, the asso-
ciations between higher fasting glucose and later bedtime 
and sleep midpoint and later chronotype were observed only 
in the age-groups over 35 years. Of note, however, only a 
few of these associations reached statistical significance 
(i.e., the associations between bedtime and fasting glucose 
in those 36–55 years and those 56–<70 years and the asso-
ciation between chronotype and fasting glucose among the 
56–70 year olds). Similar age differences were found when 
examining HbA1c as the outcome. Among those 35 years 
or younger, a later wake time, sleep midpoint, and chrono-
type were associated with lower HbA1c. Among those aged 
36–55 years and 56–70 years, later wake times, sleep mid-
points, and chronotypes were associated with higher HbA1c, 
particularly among 56- to 70-year-olds who demonstrated 
larger effect sizes. There were no significant interactions for 
the outcomes of HOMA-IR and 2-hr glucose levels.

DISCUSSION
In a large sample of diverse US Hispanics/Latino adults, we 
found that later sleep timing based on sleep midpoint and 
chronotype was significantly associated with higher estimated 
insulin resistance (HOMA-IR) in individuals with and without 
diabetes combined independent of sleep duration. Furthermore, 
in individuals with diabetes but not on medication, higher fast-
ing glucose levels were associated with later bedtimes. Some 
associations were only evident in individuals with diabetes, 
suggesting that degree of metabolic impairment may modify 
these associations. We observed no differences in these asso-
ciations among the Hispanic/Latino backgrounds nor between 
the sexes; however, there were significant differences among 
the age-groups. In the younger participants (≤35 years), later 
sleep timing was associated with lower BMI, lower fasting glu-
cose, and lower HbA1c, whereas the converse association was 
observed among those aged 36–70 years. These results empha-
size that the dynamics of glucose metabolism, as well as circa-
dian rhythms that impact glucose metabolism, varies with age 
and that optimal sleep timing may vary by age-group.

The effect sizes of these associations may be clinically rel-
evant. A large (n =  5269) prospective study with a median 
follow-up of 3 years examined the effect of rosiglitazone (an 

Table 4—Results from linear regression models for associations between sleep timing variables and metabolic health measures (n = 13 429) stratified by 
age-groupsa: ( < 35, 36– < 55, 56– < 70, > = 70) for models in which interaction term by age was significant.

Age Groups BMI, kg/m2, Regression  
coefficient (SE)

Log of fasting glucose,  
Regression coefficient (SE)

HbA1c, Regression  
coefficient (SE)

Weekly bedtimeb  
(per clock hour)

≤35 years Interaction term  
not significant

−0.0002 (0.001) Interaction term not 
significant

36–55 years 0.003 (0.002)c

56– < 70 years 0.009 (0.004)c

≥70 years 0.007 (0.007)

Weekly wake timeb  
(per clock hour)

≤35 years −0.122 (0.065) Interaction term  
not significant

−0.007 (0.004)c

36–55 years 0.079 (0.058) 0.003 (0.007)

56– < 70 years 0.144 (0.113) 0.030 (0.012)d

≥70 years 0.157 (0.193) −0.013 (0.029)

Weekly sleep midpointe  
(per clock hour)

≤35 years −0.142 (0.068)c −0.0002 (0.001) −0.010 (0.004)d

36–55 years −0.006 (0.067) 0.003 (0.002) 0.002 (0.008)

56– < 70 years −0.043 (0.055) 0.011 (0.006) 0.026 (0.016)

≥70 years 0.100 (0.223) 0.006 (0.008) −0.014 2(0.032)

Chronotypee  
(per clock hour)

≤35 years Interaction term  
not significant

−0.0001 (0.001) −0.005 (0.003)

36–55 years 0.0005 (0.002) −0.002 (0.007)

56– < 70 years 0.0124 (0.005)c 0.032 (0.017)

≥70 years 0.0053 (0.008) −0.017 (0.031)

aThe effect by age group based on the model with interaction term
bAdjusted for age groups, sex, Hispanic/Latino background group, study site, income, education, household size, years in US ( < 10 vs ≥10 y), marital sta-
tus, sleep duration, AHI category ( < 15 vs. ≥15), diabetes, employment/shift work status.
cp < .05.
dp  < 0.01.
eAdjusted for age groups, sex, Hispanic/Latino background group, study site, income, education, household size, years in United States ( < 10 vs. 
≥10 years), marital status, AHI category ( < 15 vs. ≥15), diabetes, employment/shift work status.
fp < .001.
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antihyperglycemia agent) versus placebo in people with predi-
abetes.16 The final fasting glucose level was 0.5 mmol/L lower 
in those taking rosiglitazone compared to placebo, which repre-
sents 8.6% of baseline levels (5.8 mmol/L). They also reported 
that the rosiglitazone group had a 60% reduction in the risk of a 
composite indicator of incident diabetes or death. In our study, 
a 3-hr later bedtime would be associated with an 8.0% higher 
fasting glucose in those with diabetes.

The biological mechanisms underlying the relationship 
between sleep timing and metabolic health are not fully under-
stood. One possible explanation for these associations is cir-
cadian disruption, which occurs when different endogenous 
circadian rhythms are not synchronized with one another and/
or with the external world. Circadian disruption could occur 
when the timing of volitional behaviors, including sleeping 
and eating, are not aligned with the endogenous circadian 
rhythms of associated physiological processes, such as sleep 
propensity, insulin sensitivity, or glucose metabolism. For 
example, eating at night, when the central circadian clock 
is not expecting meals to occur, could lead to disruption in 
rhythms. In an animal study, mice with access to high-fat food 
during the light phase only (the incorrect circadian time for 
eating in this species) gained significantly more weight than 
mice fed only during the dark phase despite no difference in 
caloric intake or activity,18 which suggests that disturbances in 
circadian rhythms associated with metabolism may play a role. 
A well-controlled experimental forced desynchrony study in 
humans confirmed that eating during the circadian night (i.e., 
12 hours out of phase) resulted in more adverse glucose and 
insulin responses than eating when meals are aligned with 
endogenous circadian rhythms.19

It is also well established that shift work, which is associated 
with severe circadian disruption, is associated with increased 
risk of metabolic diseases.20–23 More recently, however, even less 
severe differences in timing of behaviors have been associated 
with metabolic alterations. For example, an observational study 
in 52 adults (71% white, 8% Black, 12% Asian, 6% Hispanic, 
and 4% other race/ethnicity) examined the association between 
sleep timing, dietary patterns, and BMI and found that “late 
sleepers” (midpoint of sleep at 5:30 am or later) had less healthy 
diets, including consumption of more calories after 8:00 PM, 
more fast-food and full-calorie soda, and lower fruit and vegeta-
ble consumption.7 Previous analysis from the HCHS/SOL study 
reported that participants who did not eat within 3 hr of bed-
time had higher overall diet quality.24 In an experimental study, 
Japanese medical students followed a “diurnal” lifestyle with 
bedtimes from 11:30 PM to 6:30 AM and a “nocturnal” lifestyle 
with bedtimes from 1:30 to 8:30 AM in a randomized crossover 
design.25 The so-called nocturnal lifestyle, which involved only 
a 3-hr delay in bedtime, was associated with significantly higher 
plasma glucose concentrations from midnight to early morning. 
Among Spanish adults who participated in a 20-week weight 
loss program, those who ate their main meal, lunch, after 3:00 
PM (the median lunch time) lost less weight than those who 
ate before 3:00 PM, despite equivalent energy intake, dietary 
composition, estimated energy expenditure, appetite hormone 
levels, and self-reported sleep duration.26 Further, this study 
found that HOMA-IR was also significantly higher in the late 

lunch eaters. The timing of sleep was not reported in this study. 
Other cross-sectional studies have found that people with dia-
betes tend to go to bed later than people without diabetes.8,27 
Our study did not observe a significant difference in the sleep 
timing variables between those with and without type 2 dia-
betes. However, later sleep timing was associated with higher 
estimated insulin resistance in both persons with and without 
diabetes, which suggests that later sleep timing may be asso-
ciated with metabolic abnormalities and is consistent with the 
literature demonstrating metabolic disruption in late eaters, 
during a nocturnal lifestyle, and in late sleepers.

Another possible mechanism underlying the association 
between later sleep timing and metabolic abnormalities could 
be the exposure to light at night. In animal studies, mice exposed 
to dim light at night had increased weight gain, reduced glucose 
tolerance, and altered insulin secretion when compared to mice 
exposed to a regular light–dark cycle, despite equivalent levels 
of caloric intake and daily activity levels.28,29 In a study of older 
human adults (≥ 60 years), exposure to light at night was asso-
ciated with higher body weight, BMI, and waist circumference 
and with significantly higher levels of fasting plasma glucose 
and hemoglobin A1c.30 Staying up later could expose a person 
to artificial light that suppresses melatonin, further altering the 
endogenous circadian rhythm. Indeed, in a large epidemiologic 
study, lower melatonin levels were associated with increased 
risk of incident diabetes,31 suggesting insufficient melatonin 
may be associated with metabolic impairment.

Our study also found that some of these associations var-
ied among age-groups. Circadian phase and sleep timing have 
been demonstrated to occur earlier with increasing age.32,33 
There are other changes in circadian rhythms with aging that 
have been reported, including reduced amplitude of rhythms as 
well as changes in alignment between rhythms such as sleep 
start and melatonin peak.33 We found that later sleep timing 
was associated with healthier markers of glucose metabolism 
(i.e., lower BMI, fasting glucose, and HbA1c) in younger adults 
(≤35 years), whereas the opposite was true for older adults. We 
speculate that since younger people are more likely to have 
a later endogenous circadian phase, sleeping at a later clock 
time may in fact align more closely with endogenous rhythms, 
whereas sleeping at a later clock time in older individuals may 
lead to greater circadian misalignment or disruption. Future 
research needs to explicitly test how manipulating sleep tim-
ing impacts metabolism in both younger and older adults. The 
results in this analysis highlight the importance of considering 
how age may modify sleep or circadian effects on health.

There are some important limitations to consider when 
interpreting our findings. The study was cross-sectional, and 
as such, these data cannot demonstrate that later sleep timing 
causes insulin resistance or even circadian disturbances. Our 
sample included participants with a range of metabolic impair-
ment, including the presence of diabetes, which resulted in a 
higher average HOMA-IR than would be observed in a sample 
of healthy subjects. However, inclusion of those with diabetes 
but not taking medication allowed us to examine whether these 
associations varied by diabetes status. Furthermore, the timing 
of sleep and sleep duration was based on self-report, and there is 
likely misclassification which if random would bias the findings 
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towards the null. Objective estimates of the timing and duration 
of sleep could have provided more precise estimates of habitual 
behavior. Finally, the measurements were not taken with respect 
to endogenous circadian phase, so it is possible that the fasting 
blood measures were taken at an earlier circadian time in later 
sleepers than earlier sleepers. However, since insulin resistance 
increases across the day,34 the estimates of insulin resistance 
would have been lower in later sleepers if the measures were 
taken at an earlier circadian phase.

In conclusion, later sleep timing was significantly associated 
with higher estimated insulin resistance in a sample of Hispanic/
Latino adults. Among those with diabetes only, fasting glucose 
levels were also significantly higher in those who with later 
sleep times. We also observed significant differences among 
age-groups, emphasizing the importance of examining how 
risk factors for metabolic disturbances varies by age. Further 
research is warranted particularly since the timing of sleep a 
modifiable behavioral factor and may be an area in which to 
intervene to prevent or manage metabolic disorders. If effec-
tive, behavioral interventions addressing sleep timing would 
add a novel, complementary strategy to existing approaches to 
prevent and manage diabetes, which currently disproportionally 
affects Hispanics/Latinos in the United States as well as mil-
lions of people worldwide.

REFERENCES
1. Ogden CL, Carroll MD, Curtin LR, McDowell MA, Tabak CJ, Flegal 

KM. Prevalence of overweight and obesity in the United States, 1999–
2004. JAMA. 2006; 295(13): 1549–1555.

2. Ong KL, Cheung BM, Wong LY, Wat NM, Tan KC, Lam KS. 
Prevalence, treatment, and control of diagnosed diabetes in the U.S. 
National Health and Nutrition Examination Survey 1999–2004. Ann 
Epidemiol. 2008; 18(3): 222–229.

3. U.S. Census Bureau Projections Show a Slower Growing, Older, More 
Diverse Nation a Half Century from Now: United States Census Bureau, 
2012.

4. Schmid SM, Hallschmid M, Schultes B. The metabolic burden of sleep 
loss. Lancet Diabetes Endocrinol. 2015; 3(1): 52–62.

5. Knutson KL. Sleep duration and cardiometabolic risk: a review of the 
epidemiologic evidence. Best Pract Res Clin Endocrinol Metab. 2010; 
24(5): 731–743.

6. Mullington JM, Haack M, Toth M, Serrador JM, Meier-Ewert HK. 
Cardiovascular, inflammatory, and metabolic consequences of sleep dep-
rivation. Prog Cardiovasc Dis. 2009; 51(4): 294–302.

7. Baron KG, Reid KJ, Kern AS, Zee PC. Role of sleep timing in caloric 
intake and BMI. Obesity (Silver Spring). 2011; 19(7): 1374–1381.

8. Merikanto I, Lahti T, Puolijoki H, et al. Associations of chronotype and 
sleep with cardiovascular diseases and type 2 diabetes. Chronobiol Int. 
2013; 30(4): 470–477.

9. Lavange LM, Kalsbeek WD, Sorlie PD, et al. Sample design and cohort 
selection in the Hispanic Community Health Study/Study of Latinos. 
Ann Epidemiol. 2010; 20(8): 642–649.

10. Sorlie PD, Avilés-Santa LM, Wassertheil-Smoller S, et al. Design and 
implementation of the Hispanic Community Health Study/Study of 
Latinos. Ann Epidemiol. 2010; 20(8): 629–641.

11. Redline S, Sotres-Alvarez D, Loredo J, et al. Sleep-disordered breathing 
in Hispanic/Latino individuals of diverse backgrounds. The Hispanic 
Community Health Study/Study of Latinos. Am J Respir Crit Care Med. 
2014; 189(3): 335–344.

12. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner 
RC. Homeostasis model assessment: insulin resistance and beta-cell 
function from fasting plasma glucose and insulin concentrations in man. 
Diabetologia. 1985; 28(7): 412–419.

13. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA mode-
ling. Diabetes Care. 2004; 27(6): 1487–1495.

14. Gottlieb DJ, Punjabi NM, Newman AB, et al. Association of sleep time 
with diabetes mellitus and impaired glucose tolerance. Arch Intern Med. 
2005; 165(8): 863–867.

15. Roenneberg T, Allebrandt KV, Merrow M, Vetter C. Social jetlag and 
obesity. Curr Biol. 2012; 22(10): 939–943.

16. Dream Trial Investigators, Gerstein HC, Yusuf S, et al. Effect of rosigl-
itazone on the frequency of diabetes in patients with impaired glucose 
tolerance or impaired fasting glucose: a randomised controlled trial. 
Lancet 2006;368:1096–105.

17. Bass J. Circadian topology of metabolism. Nature. 2012; 491(7424): 
348–356.

18. Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. Circadian 
timing of food intake contributes to weight gain. Obesity (Silver 
Spring). 2009; 17(11): 2100–2102.

19. Scheer FA, Hilton MF, Mantzoros CS, Shea SA. Adverse metabolic and 
cardiovascular consequences of circadian misalignment. Proc Natl Acad 
Sci U S A. 2009; 106(11): 4453–4458.

20. van Amelsvoort LG, Schouten EG, Kok FJ. Duration of shiftwork 
related to body mass index and waist to hip ratio. Int J Obes Relat Metab 
Disord. 1999; 23(9): 973–978.

21. Tenkanen L, Sjöblom T, Kalimo R, Alikoski T, Härmä M. Shift work, 
occupation and coronary heart disease over 6 years of follow-up in 
the Helsinki Heart Study. Scand J Work Environ Health. 1997; 23(4): 
257–265.

22. Fujino Y, Iso H, Tamakoshi A, et al.; Japanese Collaborative Cohort 
Study Group. A prospective cohort study of shift work and risk of 
ischemic heart disease in Japanese male workers. Am J Epidemiol. 
2006; 164(2): 128–135.

23. Hansen AB, Stayner L, Hansen J, Andersen ZJ. Night shift work and 
incidence of diabetes in the Danish Nurse Cohort. Occup Environ Med. 
2016; 73(4): 262–268.

24. Mossavar-Rahmani Y, Jung M, Patel SR, et al. Eating behavior by sleep 
duration in the Hispanic Community Health Study/Study of Latinos. 
Appetite. 2015; 95: 275–284.

25. Qin LQ, Li J, Wang Y, Wang J, Xu JY, Kaneko T. The effects of noctur-
nal life on endocrine circadian patterns in healthy adults. Life Sci. 2003; 
73(19): 2467–2475.

26. Garaulet M, Gómez-Abellán P, Alburquerque-Béjar JJ, Lee YC, Ordovás 
JM, Scheer FA. Timing of food intake predicts weight loss effectiveness. 
Int J Obes (Lond). 2013; 37(4): 604–611.

27. Nakanishi-Minami T, Kishida K, Funahashi T, Shimomura I. Sleep-wake 
cycle irregularities in type 2 diabetics. Diabetol Metab Syndr. 2012; 
4(1): 18.

28. Fonken LK, Lieberman RA, Weil ZM, Nelson RJ. Dim light at night 
exaggerates weight gain and inflammation associated with a high-fat 
diet in male mice. Endocrinology. 2013; 154(10): 3817–3825.

29. Fonken LK, Workman JL, Walton JC, et al. Light at night increases body 
mass by shifting the time of food intake. Proc Natl Acad Sci U S A. 
2010; 107(43): 18664–18669.

30. Obayashi K, Saeki K, Iwamoto J, et al. Exposure to light at night, 
nocturnal urinary melatonin excretion, and obesity/dyslipidemia in 
the elderly: a cross-sectional analysis of the HEIJO-KYO study. J Clin 
Endocrinol Metab. 2013; 98(1): 337–344.

31. McMullan CJ, Schernhammer ES, Rimm EB, Hu FB, Forman JP. 
Melatonin secretion and the incidence of type 2 diabetes. JAMA. 2013; 
309(13): 1388–1396.

32. Duffy JF, Dijk DJ, Klerman EB, Czeisler CA. Later endogenous circa-
dian temperature nadir relative to an earlier wake time in older people. 
Am J Physiol. 1998; 275(5 Pt 2): R1478–R1487.

33. Duffy JF, Zeitzer JM, Rimmer DW, Klerman EB, Dijk DJ, Czeisler 
CA. Peak of circadian melatonin rhythm occurs later within the sleep 
of older subjects. Am J Physiol Endocrinol Metab. 2002; 282(2): 
E297–E303.

34. Lee A, Ader M, Bray GA, Bergman RN. Diurnal variation in glucose 
tolerance. Cyclic suppression of insulin action and insulin secretion 
in normal-weight, but not obese, subjects. Diabetes. 1992; 41(6): 
750–759.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/40/4/zsx014/2962431 by guest on 27 O

ctober 2020



8 Sleep Timing, Obesity, and Diabetes—Knutson et al.SLEEP, Vol. 40, No. 4, 2017

FUNDING
The Hispanic Community Health Study/Study of Latinos was carried out as a 
collaborative study supported by contracts from the National Heart, Lung, and 
Blood Institute (NHLBI) to the University of North Carolina (N01-HC65233), 
University of Miami (N01-HC65234), Albert Einstein College of Medicine 
(N01-HC65235), Northwestern University (N01-HC65236), University of 
Illinois at Chicago (HHSN268201300003I), and San Diego State University 
(N01-HC65237). The following Institutes/Centers/Offices contribute to the 
HCHS/SOL through a transfer of funds to the NHLBI: National Center on 
Minority Health and Health Disparities, the National Institute of Deafness 
and Other Communications Disorders, the National Institute of Dental and 
Craniofacial Research, the National Institute of Diabetes and Digestive and 
Kidney Diseases, the National Institute of Neurological Disorders and Stroke, 
and the Office of Dietary Supplements.

ACKNOWLEDGMENT
The authors thank the staff and participants of HCHS/SOL for their important 
contributions. A complete list of staff and investigators has been provided by 
Sorlie P., et al. in Ann Epidemiol. 2010;20: 642–649, and is also available on 
the study website http://www.cscc.unc.edu/hchs/.

SUBMISSION & CORRESPONDENCE INFORMATION
Submitted for publication September, 2016
Submitted in final revised form January, 2017
Accepted for publication January, 2017
Address correspondence to: Kristen L. Knutson, PhD, Department of 
Neurology, Center for Sleep and Circadian Medicine, Northwestern University 
Feinberg School of Medicine, 710 N Lakeshore Drive, Room 523, Chicago,  
IL  60611, USA. Telephone: 312 503 1526, Fax: 312 503 5679; Email:  
kristen.knutson@northwestern.edu

INSTITUTION AT WHICH WORK WAS PERFORMED 
Manuscript preparation at University of Chicago and Northwestern University; 
statistical Analysis at University of Illinois at Chicago; and participant enroll-
ment and examination at San Diego State University, Northwestern University 
in Chicago, Albert Einstein College of Medicine in the Bronx area of New 
York, and the University of Miami.

DISCLOSURE STATEMENT
None disclosed.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article/40/4/zsx014/2962431 by guest on 27 O

ctober 2020

http://www.cscc.unc.edu/hchs/
mailto:kristen.knutson@northwestern.edu?subject=

