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Abstract
Aims/hypothesis  Both short and long sleep durations have been linked to higher diabetes risk. However, sleep duration may 
vary over time, and there has been limited research focusing on individual sleep trajectories and diabetes risk. There are 
substantial racial disparities in both sleep health and diabetes risk in the USA. Thus, it is important to understand the role 
of suboptimal sleep patterns in diabetes risk in different racial groups.
Methods  We assessed long-term trajectories of sleep duration and incident diabetes in 22,285 Black adults (mean age 
± SD, 51.1 ± 8.2 years; 64.8% women) and 13,737 White adults (mean age ± SD, 54.4 ± 9.0 years; 63.8% women) 
enrolled in the Southern Community Cohort Study. Nine sleep trajectories were derived based on self-reported sleep 
duration at baseline and after a mean of 5 years of follow-up: normal–normal (reference), short–normal, normal–short, 
short–short, long–normal, normal–long, long–long, long–short and short–long. Diabetes was reported using a validated 
questionnaire. Multivariable-adjusted logistic regression was used to determine relationships between sleep trajectories 
and incident diabetes.
Results  When compared with the normal–normal trajectory, suboptimal sleep trajectories were associated with higher likeli-
hoods of developing diabetes (OR; 95% CI: short–normal 1.19; 1.09, 1.31; normal–short 1.14; 1.02, 1.27; short–short 1.17; 
1.07, 1.28; long–normal 1.13; 0.98, 1.30; normal–long 1.16; 1.00, 1.34; long–long 1.23; 1.02, 1.48; long–short 1.45; 1.19, 
1.77; short–long 1.51; 1.28, 1.77). Stratified analyses by race and socioeconomic status (i.e. education and household income) 
showed that most suboptimal sleep trajectories were consistently associated with incident diabetes in all sociodemographic 
subgroups. We also noted potential interaction with race and education for several sleep trajectories (i.e. short–long and 
normal–short with race; long–long and short–short with education).
Conclusions/interpretation  Adults with suboptimal sleep duration trajectories are more likely to develop incident diabetes. 
Future research is needed to study how sociodemographic factors modulate this relationship.
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Introduction

In 2019, 37.3 million American people (or 11.3% of the 
US population) had diabetes, with over 90% having type 2 
diabetes [1]. Along with numerous well-established genetic, 
lifestyle and environmental risk factors, suboptimal sleep 
duration, including both short and long sleep, has been 
suggested as a modifiable risk factor for diabetes, with the 
lowest risk observed among individuals reporting 7–8 h of 
sleep [2, 3].

Sleep duration is dynamic and may change over time, 
reflecting both short-term variability and long-term shifts 
due to various internal and external factors [4]. Several 
recent studies have found that persistent short sleep dura-
tions [5–7], as well as increasing [5–8] or decreasing [6] 
sleep durations, were associated with a higher risk of diabe-
tes, suggesting that abnormal sleep trajectories over time are 
predictors of type 2 diabetes. However, these studies were 
performed in racially and ethnically homogenous samples 
of predominantly White [5–7] or exclusively Chinese [8] 
populations, and their study participants were generally of 
middle-to-high socioeconomic status (SES). Therefore, it 
is difficult to generalise these findings to other populations, 
such as individuals of lower SES and Black Americans.

Black Americans suffer a disproportionately high burden 
of diabetes. It is estimated that 17.4% of non-Hispanic Black 
adults have diabetes, compared with 13.6% of non-Hispanic 
White adults [1]. Moreover, the prevalence of both short and 
long sleep durations was higher among Black individuals than 
White individuals [9, 10]. A recent analysis showed that, com-
pared with White adults, Black adults were more likely to 
experience unhealthy long-term sleep patterns [11]. Low-SES 
populations are also more likely to experience both poor sleep 
and to develop diabetes [12]. Given the high burden of both 
suboptimal sleep patterns and diabetes among Black Ameri-
cans and individuals of lower SES, it is a public health priority 
to understand how long-term trajectories of sleep duration are 
associated with diabetes risk in these populations.

We studied long-term sleep duration trajectories in rela-
tion to incident diabetes in a large cohort of primarily low-
income middle-to-older-aged Black and White adults in the 
southeastern USA. We hypothesised that suboptimal sleep 
trajectories that deviate from a consistent sleep duration of 
the recommended 7–9 h [13] would be associated with higher 
odds of developing diabetes in both Black and White partici-
pants. Given the well-documented racial and socioeconomic 
disparities in both sleep and diabetes, we also explored dif-
ferences in this association by race, education and income.
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Methods

Study population  We used data from the Southern Commu-
nity Cohort Study (SCCS), which enrolled middle-to-older-
aged adults in the southeastern USA (Alabama, Arkansas, 
Florida, Georgia, Kentucky, Louisiana, Mississippi, North 
Carolina, South Carolina, Tennessee, Virginia and West Vir-
ginia) from 2002–2009 [14]. Approximately 85% of the study 
participants were recruited from community health centres, 
which primarily serve uninsured and underinsured popula-
tions, and the rest were recruited from the general population 
using stratified random sampling. Eligible participants were 
40–79 years old, spoke English, and had not received cancer 
treatment within the past year. When compared to the gen-
eral population in these states, the study sample had a higher 
percentage of individuals that were Black and/or of lower 
SES. The SCCS baseline questionnaire collected information 
on sociodemographic characteristics, lifestyle factors includ-
ing sleep duration, and health and disease history including 
diabetes diagnosis. In 2008–2013, a follow-up questionnaire 
was mailed to SCCS participants to collect updated informa-
tion on lifestyle and health status, including sleep duration 
and diabetes. The mean time gap between baseline and the 
follow-up was 5 years (range 1–10 years). All SCCS study 
procedures were approved by institutional review boards at 
the Vanderbilt University Medical Center and Meharry Medi-
cal College. Data and study documentation including ques-
tionnaires can be found on the study website (https://​www.​
south​ernco​mmuni​tystu​dy.​org/).

Of the 84,508 individuals enrolled at baseline, 53,342 
participated in the follow-up survey. We excluded those who 
were missing information on sleep duration (n=4009) or dia-
betes (n=898) at baseline or follow-up, or reported having 
diabetes at baseline (n=10,597). We further removed par-
ticipants who reported as neither Black or White (n=1816). 
The final analytic sample consisted of 36,022 participants, 
including 22,285 Black and 13,737 White adults (see elec-
tronic supplementary material [ESM] Fig. 1).

Sleep trajectories  The baseline questionnaire asked ‘How 
many hours do you typically sleep in a 24-hour period?’ 
and participants answered for weekdays and weekends 
separately. Baseline sleep duration was then determined 
as (weekday duration × 5 + weekend duration × 2)/7. The 
follow-up survey asked ‘In a 24-hour period, how many 
hours do you typically spend sleeping?’, without making a 
distinction between weekday and weekends. We defined short, 
normal/healthy and long sleep durations as <7 h, 7–9 h and 
>9 h, according to the recommendations by the American 
Academy of Sleep Medicine [13]. Based on the sleep duration 
at baseline and follow-up, we first defined a nine-category 
sleep trajectory variable (i.e. normal–normal [reference], 

short–short, long–long, normal–short, normal–long, short–
normal, long–normal, short–long and long–short), which 
served as the main exposure variable. To aid interpretation 
and visualisation of results, we further combined categories 
with similar distributions of key study characteristics, creating 
a secondary, six-category variable: the optimal stable healthy 
trajectory (normal–normal, reference), and five suboptimal 
trajectories, stable short (short–short), stable long (long–
long), healthy-to-short (normal–short and short–normal), 
healthy-to-long (normal–long and long–normal) and unstable 
unhealthy (long–short and short–long). Finally, we evaluated 
to what degree the results are affected by the categorisation 
of sleep duration, by using 7–8 h as the definition of normal 
sleep duration in sensitivity analysis.

Diabetes  At baseline, participants were asked whether they 
had ‘been diagnosed with diabetes or high blood sugar (not 
during pregnancy)’. The follow-up survey asked participants 
‘After joining this study, have you been diagnosed with 
diabetes/high blood sugar?’ Incident diabetes was defined 
as answering ‘yes’ to the follow-up survey question after 
answering ‘no’ to the baseline question.

Covariates  The following covariates were included in the 
analysis: sociodemographic characteristics (age, race, sex, 
education, household income, marital status, employment 
status), lifestyle factors (smoking status, alcohol intake, 
healthy eating index [HEI]-2015 [15], total physical activ-
ity, total sitting time) and BMI. All covariates were derived 
based on self-reported information collected in the baseline 
questionnaire. We additionally included household income, 
marital status and employment status at follow-up as covari-
ates in the sensitivity analyses.

Statistical analysis  Descriptive statistics are presented 
as percentages for categorical variables and means ± SD 
for continuous variables. Multivariable-adjusted logistic 
regression models were used to calculate OR and 95% CIs 
for incident diabetes in each suboptimal sleep trajectory 
compared with the reference (normal–normal/stable healthy). 
The results were derived from four models. Model 1 was the 
minimal model adjusted for age (continuous) and sex (male, 
female). Model 2 was the main model additionally adjusted 
for race (Black, White; not in race-stratified analysis), 
education (less than high school, high school graduate, 
vocational training or some college, college graduate or 
higher; not in education-stratified analysis), marital status 
(married, separated or divorced or widowed, never been 
married), annual household income (<US$15,000, $15,000 
to <25,0000, $25,000 to <50,000, ≥$50,000), employment 
status (employed, unemployed), smoking status (current, 
former, never), alcohol use (non-drinker, <1 drink per day, ≥1 

https://www.southerncommunitystudy.org/
https://www.southerncommunitystudy.org/
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drinks per day), healthy eating index (quartiles), total physical 
activity (metabolic equivalent hour [MET-h], quartiles), total 
sitting hours (quartiles) and follow-up duration (continuous). 
We performed sensitivity analyses using two separate models. 
Model 3 was additionally adjusted for BMI (<18.5, 18.5–24.9, 
25–29.9, ≥30 kg/m2), which can act both as a confounder and 
a mediator of the relationship between sleep trajectories and 
diabetes, and model 4 was additionally adjusted for household 
income, marital status and employment status at follow-up to 
assess to what degree the results are confounded by changes 
in these sociodemographic attributes. Missing values for all 
covariates (<5% for all variables) were coded as a separate 
category. We performed stratified analyses by race (Black, 
White), education (high school or lower, more than high 
school) and household income (<US$15,000, ≥$15,000). 
The cutoff points for education and income were chosen to 
create roughly equal sample sizes in the subgroups to preserve 
statistical power. Statistical significance for interactions was 
evaluated by including a product term between two variables 
and tested using a likelihood ratio test. All analyses were 
performed using SAS 9.4 (SAS Institute, USA).

Results

In the overall study sample, approximately one third (34.5%) 
were in the normal–normal or stable healthy group, fol-
lowed by the short–short (20.4%), short–normal (16.8%) 
and normal–short (10.4%) groups. Each of the remaining 
trajectory groups contained 2.0–5.3% of the study sample 
(Table 1). Compared with White participants, Black partici-
pants were less likely to be in the normal–normal group and 
more likely to be in a suboptimal sleep trajectory group. The 
likelihood of developing incident diabetes between baseline 
and follow-up was almost twice as high in the Black partici-
pants (16.43%, n=3661) than in White participants (8.93%, 
n=1227).

Substantial group differences were observed in the distri-
bution of baseline characteristics by sleep trajectory groups 
and by race (Table 1, ESM Table 1). In the total sample, the 
normal–normal group generally showed a sociodemographic 
and lifestyle profile that would favour a lower risk for dia-
betes when compared with other sleep trajectory groups. 
Specifically, participants in the normal–normal group had 
the highest SES (i.e. education and household income), were 
the most likely to be married and employed and the least 
likely to be current smokers, and reported the least amount 
of sedentary time and the highest dietary quality. In contrast, 
the long–short, short–long and the long–long group showed 
the least favourable profile for diabetes risk, as characterised 
by lower SES and unhealthy lifestyle. These patterns were 
largely similar in both Black and White participants. How-
ever, Black participants also showed a few distinct patterns. 

Most notably, among Black participants, the short–short 
group showed a comparable, even slightly higher, SES com-
pared with the normal–normal group.

In the total population, all eight suboptimal sleep trajecto-
ries were associated with higher odds of developing diabetes 
when compared with the normal–normal group (Table 2, 
model 1). Adjusting for confounders in the main model 
attenuated the associations; however, all results remained 
statistically significant (Table 2, model 2). Compared with 
the normal–normal group, the short–long and long–short 
trajectories were associated with the highest odds of incident 
diabetes, showing an approximately 50% greater risk (OR 
1.51; 95% CI 1.28, 1.77 for the short–long trajectory and 
OR 1.45; 95% CI 1.19, 1.77 for the long–short trajectory), 
while the other suboptimal sleep trajectories showed a more 
modest increase in risk (OR range: 1.13 to 1.23). Addition-
ally adjusting for BMI or follow-up covariates had a limited 
impact on the results (Table 2, models 3 and 4). Using 7–8 h 
as the definition of normal sleep duration had only a limited 
impact on the study findings (changes in effect estimates 
<5% for most associations, data not shown).

Greater odds of incident diabetes for suboptimal sleep 
trajectories were similarly observed in all subgroups, but 
the results also showed notable between-group differences 
by race and education as shown in Table 2 (nine-category 
sleep trajectory results) and Fig. 1 and ESM Table 2 (six-
category sleep trajectory results). Specifically, race-stratified 
analyses showed that the greater odds of diabetes observed 
among the long–short and short–long trajectories were more 
prominent in White participants (long–short OR 1.74; 95% 
CI 1.02, 2.94; short–long OR 1.92; 95% CI 1.41, 2.62) than 
in Black participants (long–short OR 1.39; 95% CI 1.12, 
1.72; short–long OR 1.36; 95% CI 1.13, 1.64), although the 
p values for interaction suggested significant effect modifi-
cation for only the short–long trajectory (pinteraction=0.03) 
but not the long–short trajectory (pinteraction=0.28). More-
over, the associations for the normal–short trajectory 
were also stronger in White participants (OR 1.45; 95% 
CI 1.17, 1.79) than in Black participants (OR 1.05; 95% 
CI 0.92, 1.19) (pinteraction=0.005). Stratified analysis by 
education level showed significant interaction with the 
long–long (pinteraction=0.003) and short–short trajectories 
(pinteraction=0.03), and for both trajectories, the association 
was stronger in those with higher than high school educa-
tion (OR 1.76; 95% CI 1.31, 2.36 and OR 1.33; 95% CI 
1.15, 1.53 for the long–long and short–short trajectories, 
respectively) than in those with a lower education level (OR 
0.99; 95% CI 0.78, 1.26 and OR 1.07; 95% CI 0.95, 1.20, 
respectively). We did not observe any interaction between 
sleep trajectories and household income (ESM Table 3). 
Finally, because we detected statistically significant effect 
modification by race and education, we performed additional 
analyses in the four race and education subgroups (ESM 
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Table 1   Baseline characteristics according to sleep trajectories in Black and White participants in the SCCS

Baseline char-
acteristics

Stable healthy 
(normal– 
normal)

Healthy-to-short Stable short 
(short–
short)

Healthy-to-long Stable long 
(long–long)

Unstable unhealthy

Short–normal Normal–
short

Long–normal Normal–long Long–short Short–long

Total sample
  n (%) 12,435 (34.5) 6040 (16.8) 3742 (10.4) 7331 (20.4) 1923 (5.3) 1761 (4.9) 945 (2.6) 703 (2.0) 1142 (3.2)
  Age, years 53.7 ± 9.0 52.2 ± 8.4 51.8 ± 8.7 51.5 ± 8 51.0 ± 8.2 52.7 ± 9.3 51.4 ± 8.5 50.3 ± 8.0 51.3 ± 8.3
  Black 50.6 63.8 70.4 65.7 76.9 65.5 70.2 84.2 70.3
  Female 62.7 64.6 66.3 67.1 62.8 61.9 64.8 63.4 65.9
  High school 

or lower
46.5 54.4 57.0 52.8 63.0 62.4 60.7 66.1 67.4

  Married 48.2 39.3 38.2 38.5 34.8 35.9 30.2 33.9 30.2
  Household 

income 
<US$15,000

37.3 46.2 50.2 46.5 56.0 58.2 61.8 63.2 64.0

  Unemployed 47.8 50.1 52.9 50.9 60.7 64.2 73.4 66.2 65.9
  Current 

smoker
29.3 36.2 37.9 38.0 45.9 40.8 43.6 48.4 47.4

  BMI, kg/m2 29.3 ± 6.7 30.2 ± 7.3 30.0 ± 7.3 30.4 ± 7.3 29.9 ± 7.3 29.7 ± 7.1 30.7 ± 7.9 30.8 ± 7.9 30.4 ± 7.8
  Total physi-

cal activity, 
MET-h/day

22.6 ± 17.0 23.6 ± 18 23.4 ± 18.1 24.1 ± 18.9 22.4 ± 18.5 21.6 ± 18.1 19.7 ± 18.0 23.9 ± 20.3 21.5 ± 19.4

  Sitting,  
h/day

9.1 ± 4.6 9.4 ± 4.9 9.4 ± 5.0 9.5 ± 5.0 10.5 ± 5.5 9.6 ± 5.3 10.3 ± 5.8 10.4 ± 5.6 9.7 ± 5.3

  Alcohol con-
sumption, ≥1 
drink/day

19.2 19.7 20.5 18.7 24.2 21.8 23.1 25.9 22.3

  Healthy eat-
ing index

60 ± 12.6 57.9 ± 12.3 58.2 ± 12 57.8 ± 12.2 56.7 ± 11.4 56.4 ± 11.6 56.5 ± 11.2 55.7 ± 10.9 55.5 ± 11.9

Black
  n (%) 6291 (28.2) 3853 (17.3) 2635 (11.8) 4816 (21.6) 1478 (6.6) 1154 (5.2) 663 (3.0) 592 (2.7) 803 (3.6)
  Age, years 51.8 ± 8.5 51.0 ± 7.9 51.0 ± 8.4 50.8 ± 7.7 50.3 ± 8.0 51.3 ± 8.9 50.5 ± 8.3 50.2 ± 8.0 51.0 ± 8.1
  Female 64.5 64.7 66.0 67.3 61.6 61.3 64.4 62.5 63.3
  High school 

or lower
56.1 55.9 60.2 51.9 64.5 67.8 64.7 64.1 68.5

  Married 35.5 32.7 30.7 31.6 30.5 30.1 24.7 31.3 25.5
  Household 

income 
<US$15,000

49.0 50.0 54.8 47.6 58.0 61.8 65.3 64.2 63.9

  Unemployed 50.2 50.6 53.5 49.2 60.0 64.4 72.9 66.2 62.8
  Current 

smoker
36.2 38.4 39.4 37.0 48.2 44.0 46.5 48.3 47.6

  BMI, kg/m2 30.3 ± 7.1 30.7 ± 7.5 30.4 ± 7.3 30.9 ± 7.4 29.7 ± 7.1 30.0 ± 7.3 30.7 ± 7.8 30.7 ± 7.8 30.5 ± 7.9
  Total physi-

cal activity, 
MET-h/day

23.7 ± 18.3 23.9 ± 18.4 23.8 ± 18.7 24.3 ± 19.1 22.8 ± 18.4 22.7 ± 18.8 21.1 ± 19.0 24.0 ± 20.2 21.8 ± 19.2

  Sitting,  
h/day

9.6 ± 5.1 9.6 ± 5.1 9.6 ± 5.2 9.8 ± 5.2 10.8 ± 5.7 10 ± 5.7 10.6 ± 6.1 10.4 ± 5.7 10.0 ± 5.5

  Alcohol con-
sumption, ≥1 
drink/day

20.6 22.2 23.4 20.8 26.3 25.0 26.7 28.6 26.3

  Healthy  
eating index

59.1 ± 12.1 58.1 ± 12.0 58.4 ± 11.7 58.4 ± 11.9 57.0 ± 11.2 56.6 ± 11.3 57 ± 10.9 56.2 ± 10.7 55.7 ± 11.8
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Table 4). We found that being in the unstable unhealthy 
group (i.e. the long–short and short–long trajectories) was 
consistently associated with higher incident diabetes across 
all race and education groups, with the largest effect size 
found in the White participants with more than high school 
education (OR 1.93; 95% CI 1.17, 3.16) and the lowest in the 
Black participants with high school or lower education (OR 
1.29; 95% CI 1.08, 1.54), although the p value for interaction 
was only borderline significant (pinteraction=0.06). A similarly 
borderline significant interaction (pinteraction=0.07) was also 
observed for the healthy-to-short group, and no other sleep 
group showed evidence for interaction.

Discussion

In a unique cohort of middle-to-older-aged adults who were 
predominantly Black and of low SES in the southeastern 
USA, we found that suboptimal sleep duration trajectories 
were associated with higher odds of incident diabetes. In 
stratified analyses, we observed potential effect modification 
by race and education, which may suggest that certain sleep 

trajectories are stronger predictors of diabetes in specific 
sociodemographic groups than in others.

Several prior longitudinal studies have examined sleep 
duration trajectories in relation to diabetes risk. In the 
Nurses’ Health Study, the authors used methods similar 
to ours to assign nine categories of 14-year sleep trajec-
tories. They found that women in the short–normal and 
short–short groups had significantly higher incidence of 
diabetes, and both increases and decreases in sleep dura-
tion predicted higher diabetes risk [7]. In the Nurses’ Health 
Study II, latent class growth modelling was used to derive 
six sleep trajectories (persistent sleep duration of 5, 6, 7 
and 8 h, decreased and increased sleep duration) based on 
retrospectively reported data. The findings suggested that 
women in the consistent 5 and 6 h groups, as well as women 
in the decreasing and increasing groups, had a higher risk 
of type 2 diabetes [6]. In the Whitehall II Study, Ferrie et al 
examined sleep patterns over four consecutive study cycles 
in relation to incident type 2 diabetes [5]. Compared with 
those reporting 7 h of sleep at both the beginning and end of 
a study cycle, participants with an increase in sleep duration 
of 2 h or more and those who had consistently short sleep 

Values are means ± SD for continuous variables or % for categorical variables
MET-h, metabolic equivalent hour

Table 1   (continued)

Baseline char-
acteristics

Stable healthy 
(normal– 
normal)

Healthy-to-short Stable short 
(short–
short)

Healthy-to-long Stable long 
(long–long)

Unstable unhealthy

Short–normal Normal–
short

Long–normal Normal–long Long–short Short–long

White
  n (%) 6144 (44.7) 2187 (15.9) 1107 (8.1) 2515 (18.3) 445 (3.2) 607 (4.4) 282 (2.1) 111 (0.8) 339 (2.5)
  Age, years 55.7 ± 9.1 54.4 ± 8.8 53.7 ± 9.1 52.7 ± 8.4 53.1 ± 8.8 55.3 ± 9.4 53.7 ± 8.5 51 ± 8.0 51.9 ± 8.7
  Female 61.0 64.6 66.9 66.9 66.7 63.1 65.6 68.5 72.0
  High school 

or lower
36.6 51.9 49.3 54.5 58.0 52.2 51.4 66.4 64.9

  Married 61.2 51.1 55.8 51.7 49.2 47.0 42.9 47.8 41.3
  Household 

income 
<US$15,000

25.1 40.0 38.9 44.3 49.1 51.4 53.3 57.9 64.1

  Unemployed 45.4 49.3 51.4 54.2 63.2 63.8 74.8 65.8 73.5
  Current 

smoker
22.2 32.5 34.3 39.8 38.4 34.8 36.9 48.7 46.9

  BMI, kg/m2 28.3 ± 6.1 29.3 ± 6.8 29.2 ± 7.1 29.5 ± 7.0 30.5 ± 7.9 29.2 ± 6.8 30.8 ± 8.1 31.4 ± 8.8 30.1 ± 7.5
  Total physi-

cal activity, 
MET-h/day

21.4 ± 15.5 23.1 ± 17.3 22.4 ± 16.5 23.7 ± 18.6 21.0 ± 19.0 19.6 ± 16.6 16.4 ± 14.8 23.3 ± 20.6 20.6 ± 19.8

  Sitting,  
h/day

8.6 ± 4.1 8.9 ± 4.6 8.9 ± 4.5 9.1 ± 4.6 9.8 ± 4.5 9.0 ± 4.3 9.7 ± 4.8 10 ± 5.2 9.2 ± 4.8

  Alcohol con-
sumption, ≥1 
drink/day

17.7 15.3 13.5 14.7 17.1 15.5 14.5 11.7 13.0

  Healthy  
eating index

60.8 ± 13.0 57.6 ± 12.6 57.9 ± 12.7 56.8 ± 12.6 55.7 ± 12.0 56.0 ± 12.1 55.5 ± 11.8 52.8 ± 11.5 55.0 ± 11.9
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Table 2   Overall and race- and education-stratified associations expressed as OR (95% CI) between long-term sleep trajectories and incident dia-
betes in the SCCS

Stable healthy 
(normal– 
normal)

Healthy-to-short Stable short 
(short–short)

Healthy-to-long Stable long 
(long–long)

Unstable unhealthy

Short–normal Normal–short Long–normal Normal–long Long–short Short–long

Total sample
  Diabetes 1364 (10.97) 858 (14.21) 551 (14.72) 1034 (14.10) 298 (15.50) 267 (15.16) 153 (16.19) 141 (20.06) 222 (19.44)
  Model 1 Ref. 1.34 (1.22, 

1.46)
1.39 (1.25, 

1.55)
1.32 (1.21, 

1.44)
1.48 (1.29, 

1.69)
1.45 (1.26, 

1.67)
1.55 (1.30, 

1.87)
2.01 (1.66, 

2.44)
1.94 (1.66, 

2.27)
  Model 2 Ref. 1.19 (1.09, 

1.31)
1.14 (1.02, 

1.27)
1.17 (1.07, 

1.28)
1.13 (0.98, 

1.30)
1.16 (1.00, 

1.34)
1.23 (1.02, 

1.48)
1.45 (1.19, 

1.77)
1.51 (1.28, 

1.77)
  Model 3 Ref. 1.17 (1.06, 

1.29)
1.13 (1.01, 

1.26)
1.14 (1.04, 

1.25)
1.14 (0.99, 

1.31)
1.16 (1.00, 

1.34)
1.19 (0.99, 

1.44)
1.42 (1.16, 

1.73)
1.49 (1.26, 

1.75)
  Model 4 Ref. 1.19 (1.08, 

1.30)
1.14 (1.02, 

1.27)
1.17 (1.07, 

1.28)
1.12 (0.98, 

1.29)
1.11 (0.96, 

1.29)
1.19 (0.99, 

1.43)
1.43 (1.18, 

1.74)
1.43 (1.22, 

1.68)
Race subgroups
Black
  Diabetes 935 (14.86) 642 (16.66) 424 (16.09) 787 (16.34) 255 (17.25) 206 (17.85) 126 (19.00) 123 (20.78) 163 (20.30)
  Model 1 Ref. 1.15 (1.03, 

1.28)
1.10 (0.97, 

1.25)
1.12 (1.01, 

1.24)
1.20 (1.03, 

1.40)
1.25 (1.06, 

1.48)
1.35 (1.10, 

1.66)
1.51 (1.22, 

1.86)
1.46 (1.22, 

1.76)
  Model 2 Ref. 1.15 (1.03, 

1.29)
1.05 (0.92, 

1.19)
1.14 (1.02, 

1.26)
1.13 (0.97, 

1.32)
1.15 (0.97, 

1.36)
1.26 (1.02, 

1.55)
1.39 (1.12, 

1.72)
1.36 (1.13, 

1.64)
  Model 3 Ref. 1.14 (1.02, 

1.28)
1.05 (0.92, 

1.19)
1.12 (1.01, 

1.25)
1.15 (0.99, 

1.35)
1.16 (0.98, 

1.38)
1.24 (1.00, 

1.53)
1.37 (1.11, 

1.70)
1.35 (1.12, 

1.64)
  Model 4 Ref. 1.15 (1.03, 

1.28)
1.05 (0.92, 

1.19)
1.14 (1.03, 

1.27)
1.13 (0.96, 

1.31)
1.11 (0.94, 

1.32)
1.23 (1.00, 

1.52)
1.38 (1.11, 

1.71)
1.30 (1.08, 

1.57)
White
  Diabetes 429 (6.98) 216 (9.88) 127 (11.47) 247 (9.82) 43 (9.66) 61 (10.05) 27 (9.57) 18 (16.22) 59 (17.40)
  Model 1 Ref. 1.47 (1.24, 

1.74)
1.74 (1.41, 

2.14)
1.47 (1.24, 

1.73)
1.44 (1.04, 

2.00)
1.49 (1.12, 

1.98)
1.42 (0.94, 

2.14)
2.63 (1.57, 

4.40)
2.84 (2.11, 

3.83)
  Model 2 Ref. 1.26 (1.05, 

1.50)
1.45 (1.17, 

1.79)
1.21 (1.02, 

1.43)
1.04 (0.74, 

1.46)
1.11 (0.83, 

1.48)
1.06 (0.70, 

1.61)
1.74 (1.02, 

2.94)
1.92 (1.41, 

2.62)
  Model 3 Ref. 1.20 (1.00, 

1.43)
1.42 (1.14, 

1.76)
1.15 (0.97, 

1.37)
0.95 (0.67, 

1.33)
1.09 (0.81, 

1.46)
0.97 (0.63, 

1.48)
1.62 (0.95, 

2.78)
1.86 (1.36, 

2.56)
  Model 4 Ref. 1.23 (1.03, 

1.47)
1.45 (1.17, 

1.79)
1.19 (1.00, 

1.42)
1.02 (0.73, 

1.43)
1.03 (0.77, 

1.38)
0.97 (0.64, 

1.47)
1.70 (1.00, 

2.89)
1.80 (1.32, 

2.46)
pinteraction NA 0.34 0.005 0.49 0.96 0.85 0.63 0.28 0.03
Education subgroups
High school or lower
  Diabetes 834 (14.45) 550 (16.74) 359 (16.85) 612 (15.83) 202 (16.72) 186 (16.92) 90 (15.68) 101 (21.77) 158 (20.52)
  Model 1 Ref. 1.19 (1.05, 

1.33)
1.19 (1.04, 

1.36)
1.10 (0.99, 

1.24)
1.19 (1.00, 

1.40)
1.21 (1.01, 

1.44)
1.10 (0.87, 

1.39)
1.64 (1.30, 

2.07)
1.52 (1.26, 

1.84)
  Model 2 Ref. 1.16 (1.03, 

1.30)
1.06 (0.93, 

1.22)
1.07 (0.95, 

1.20)
1.04 (0.88, 

1.24)
1.09 (0.91, 

1.30)
0.99 (0.78, 

1.26)
1.41 (1.12, 

1.79)
1.37 (1.13, 

1.67)
  Model 3 Ref. 1.14 (1.01, 

1.29)
1.06 (0.92, 

1.21)
1.05 (0.94, 

1.18)
1.06 (0.89, 

1.26)
1.10 (0.92, 

1.32)
0.96 (0.75, 

1.22)
1.41 (1.11, 

1.79)
1.38 (1.14, 

1.68)
  Model 4 Ref. 1.15 (1.02, 

1.29)
1.05 (0.92, 

1.21)
1.07 (0.95, 

1.20)
1.03 (0.87, 

1.23)
1.06 (0.89, 

1.27)
0.96 (0.75, 

1.22)
1.40 (1.11, 

1.78)
1.31 (1.08, 

1.60)
More than high school
  Diabetes 528 (7.94) 307 (11.16) 192 (11.93) 422 (12.2) 95 (13.36) 81 (12.25) 63 (16.98) 40 (16.81) 64 (17.2)
  Model 1 Ref. 1.44 (1.24, 

1.67)
1.55 (1.30, 

1.85)
1.59 (1.39, 

1.82)
1.76 (1.40, 

2.23)
1.61 (1.25, 

2.06)
2.35 (1.77, 

3.13)
2.28 (1.61, 

3.25)
2.38 (1.79, 

3.16)
  Model 2 Ref. 1.23 (1.06, 

1.44)
1.26 (1.05, 

1.51)
1.33 (1.15, 

1.53)
1.29 (1.02, 

1.64)
1.28 (0.99, 

1.65)
1.76 (1.31, 

2.36)
1.49 (1.04, 

2.14)
1.74 (1.30, 

2.33)

  Model 3 Ref. 1.19 (1.02, 
1.39)

1.24 (1.04, 
1.49)

1.28 (1.11, 
1.47)

1.28 (1.01, 
1.64)

1.27 (0.98, 
1.64)

1.71 (1.27, 
2.30)

1.39 (0.97, 
2.01)

1.62 (1.20, 
2.17)
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(mean ≤ 5.5 h) had a 65% and 35% greater risk of diabetes 
during that cycle, respectively. Finally, a Chinese study of 
workers in the coal industry found that, when compared with 
participants who persistently reported 7 h of sleep, those 
with persistently long sleep (7.5–8 h and ≥8.5 h) and an 
increasing sleep duration of ≥2 h over a two-year period had 
higher risk of diabetes [8]. Overall, our findings are consist-
ent with these previous findings, and suggest that multiple 
suboptimal sleep trajectories may be associated with higher 
risk of incident diabetes.

Of all the sleep trajectories assessed in our study, the 
unstable unhealthy group (i.e. short–long and long–short 
trajectories) showed the strongest association with diabetes 
in the total sample and all subgroups. These two sleep tra-
jectories are characterised by more extreme changes in sleep 
duration between baseline and follow-up, which may sug-
gest higher variability in sleep duration. High variability in 
sleep duration has been linked to poorer glycaemic control, 
obesity and diabetes. For example, in the PREDIMED-Plus 
trial, a greater night-to-night sleep duration variability was 
associated with a 14% increase in prevalent diabetes even 
after controlling for average sleep duration [16]. A larger 
variation in sleep duration was associated with significantly 
higher HbA1c in the Observation of Cardiovascular Risk 
Factors in Luxembourg (ORISCAV-LUX-2) study [17]. 
In addition, an analysis of participants in the Multi-Ethnic 
Study of Atherosclerosis showed that greater sleep dura-
tion variability was associated with a higher incidence of 
multiple metabolic abnormalities [18]. A recent systematic 
review concluded that greater variation in sleep duration 
may be associated with higher weight gain, although the 
associations for diabetes and glucose levels were mixed [19]. 
In our sample, Black participants were nearly twice as likely 
to have a short–long or long–short trajectory than White par-
ticipants. Moreover, our previous analysis of participants in 

the SCCS reported a strong association between lower SES 
and both the long–short and short–long trajectories [11]. 
The substantially high prevalence of these trajectories in 
Black and low-SES populations, combined with convincing 
evidence supporting a link between sleep duration variabil-
ity and metabolic dysfunction, suggest that a highly vari-
able sleep duration in disadvantaged populations may be an 
important contributing factor to racial and socioeconomic 
disparities in cardiometabolic health, which is an important 
research topic that warrants further investigation.

The healthy-to-short (i.e. short–normal and normal–short) 
and stable short (i.e. short–short) trajectories were associated 
with a moderate increase in the odds of incident diabetes in 
our study. This finding is consistent with previous studies 
suggesting that short sleep is a risk factor for type 2 diabetes. 
A meta-analysis of prospective studies found that, when 
compared with 7 h of sleep, every 1 h decrease in sleep 
duration was associated with a 9% increase in diabetes 
risk (95% CI 1.04, 1.15) [2]. The aforementioned studies 
focusing on sleep trajectories also generally suggested 
that persistent short sleep was associated with diabetes 
risk [5–7]. There is growing evidence demonstrating 
that the prevalence of short sleep is higher in Black than 
White Americans [9, 10]. Moreover, emerging evidence 
suggests a more complex pattern of sleep disparities at 
the intersection of race and SES: although higher SES is 
associated with a lower prevalence of short sleep in White 
populations, multiple studies have reported a weaker, or 
even opposite, relationship between SES and short sleep in 
Black Americans [11, 20, 21]. These findings suggest that 
the protective effect of higher SES against short sleep is not 
universal, and Black Americans, even those with relatively 
higher SES, are disproportionately affected by short sleep, 
likely due to psychological stress and housing disparities 
related to persistent racism [21].

Model 1 (minimal model): adjusted for age (continuous) and sex (men, women)
Model 2 (main model): adjusted for age, sex, race (not in race-stratified analysis), education (not in education-stratified analysis), marital status, 
annual household income, employment status, smoking status, alcohol use, healthy eating index, total physical activity, total sitting hours and 
follow-up duration
Model 3 (sensitivity model): adjusted for all covariates in model 2 and BMI
Model 4 (sensitivity model): adjusted for all covariates in model 2, and the following variables as assessed at follow-up: marital status, annual 
household income and employment status
pinteraction was calculated based on model 2
Ref., reference

Table 2   (continued)

Stable healthy 
(normal– 
normal)

Healthy-to-short Stable short 
(short–short)

Healthy-to-long Stable long 
(long–long)

Unstable unhealthy

Short–normal Normal–short Long–normal Normal–long Long–short Short–long

  Model 4 Ref. 1.22 (1.05, 
1.42)

1.28 (1.07, 
1.53)

1.33 (1.16, 
1.54)

1.28 (1.01, 
1.63)

1.21 (0.94, 
1.56)

1.69 (1.26, 
2.26)

1.46 (1.01, 
2.09)

1.65 (1.23, 
2.21)

pinteraction NA 0.55 0.14 0.03 0.13 0.30 0.003 0.74 0.18
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Participants in the healthy-to-long (i.e. long–normal and 
normal–long) and stable long (i.e. long–long) trajectory 
groups showed higher odds of incident diabetes when 
compared with the optimal or normal–normal sleep 
trajectory. Long sleep has been consistently linked to a 

higher risk of diabetes, with a meta-analysis reporting that 
every 1 h increase in sleep duration was associated with 
14% (95% CI 1.03, 1.26) increase in diabetes risk [2]. There 
has been some debate about the mechanisms underlying 
the relationship between long sleep and diabetes [22], with 
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Fig. 1   Associations between long-term sleep patterns and incident 
diabetes in the SCCS in the total sample and by race (a) and educa-
tion (b). The results were derived from multiple logistic regression 
models adjusted for age, sex, race (not in race-stratified analysis), 
education (not in education-stratified analysis), marital status, annual 
household income, employment status, smoking status, alcohol use, 
healthy eating index, total physical activity, total sitting hours and 
follow-up duration. Bars represent ORs and error bars represent 95% 

CI. The p values for interaction between race and the sleep trajectory 
variables are 0.03 for healthy-to-short, 0.49 for stable short, 0.86 for 
healthy-to-long, 0.63 for stable long and 0.01 for unstable unhealthy. 
The p values for interaction between education and the sleep trajec-
tory variables are 0.24 for healthy-to-short, 0.03 for stable short, 
0.12 for healthy-to-long, 0.002 for stable long and 0.15 for unstable 
unhealthy. Ref., reference
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suggestions that it may be spuriously caused by confounding 
by other diabetes risk factors, including comorbidity, and/
or reflect reverse causation due to fatigue from undiagnosed 
diabetes. These hypotheses are supported by a recent 
Mendelian randomisation study that did not find a causal 
relationship between long sleep duration and type 2 diabetes 
[23]. However, even without a causal relationship, long sleep 
is still an important behavioural predictor of diabetes risk 
that may be used for risk prediction and disease screening. 
Our previous study [11] reported that lower education and 
income, unemployment status and lower neighbourhood 
SES were all associated with long–long, long–normal and 
normal–long sleep trajectories, and, interestingly, lower 
neighbourhood SES appeared to show a stronger relationship 
with these trajectories among Black populations compared 
with White people. Collectively, the evidence suggested that 
Black adults with lower SES and living in disadvantaged 
neighbourhoods may have a particularly high prevalence 
of long sleep, and thus resources are needed for diabetes 
screening and treatment in this population.

In stratified analyses, we found that almost every sub-
optimal sleep trajectory was consistently associated with 
higher incident diabetes in all subgroups, suggesting that 
unhealthy sleep may be a predictor of metabolic diseases 
across diverse populations. However, we also noted sev-
eral statistically significant interactions for certain sleep 
trajectories. For example, the unstable unhealthy (i.e. 
long–short and short–long) and healthy-to-short (i.e. 
normal–short and short–normal) trajectories appeared to 
have a stronger association with diabetes among White 
participants than Black participants, while the short–short 
and long–long trajectories were associated with diabe-
tes risk only among those with more than high school 
education. Although such subgroup differences may be 
chance findings, several previous studies also reported 
that the associations between sleep duration and health 
may differ by race. For example, a cross-sectional analy-
sis reported that short and long sleep duration were more 
strongly associated with diabetes in White than in Black 
adults, although such racial differences became non-
significant after adjusting for SES [24]. In our previous 
analysis of participants in the SCCS, we also found that 
the U-shaped relationship between sleep duration and 
mortality rate was stronger among White people [25]. 
However, we are not aware of other studies that investi-
gated the sleep–health relationship by education status, 
and our findings in the current analysis are thus novel and 
warrant further investigations.

Although it is unclear what may have caused the observed 
subgroup differences in the sleep–diabetes association, we 
speculate that there may be several explanations. First, the 
validity of self-reported sleep duration has been shown 
to vary across demographic groups [26], which may have 

contributed to the varied strength in the sleep–health asso-
ciations. Second, sleep duration may be correlated with vari-
ous socioeconomic, work-related, cultural and lifestyle fac-
tors. The distribution of these factors and their influence on 
diabetes may differ by race, education and income, leading 
to varying degrees of confounding by these factors in differ-
ent subgroups. Because it is almost impossible to eliminate 
residual confounding in observational studies, this may also 
contribute to the different strengths of the relationships in 
subgroup results. Finally, diabetes is a complex disease, and 
sleep is only one potential causal factor among numerous 
causes in the ‘causal pie’ [27], and its effect on diabetes 
may be influenced by other causal factors that have differ-
ent distributions and relative importance across different 
populations. Nonetheless, these subgroup-specific findings, 
if confirmed in other populations, may inform the devel-
opment and refinement of algorithms and nuanced clinical 
practices for predicting, monitoring and managing disease 
risk in diverse populations.

There are two main strengths to our study. First, lon-
gitudinal and repeated surveys of sleep duration and 
diabetes in the SCCS have allowed us to examine the 
association between sleep trajectories and incident dia-
betes. Second, the unique study population allowed us to 
examine this association in Black and White Americans 
separately and in a low-SES sample, which have not been 
investigated in previous studies. Our study also has sev-
eral limitations. First, the measurement of sleep duration 
was based on self-report, which is more prone to error and 
possible bias compared with objectively-measured sleep 
duration [26]. Second, the importance of multidimen-
sional sleep assessment has been increasingly recognised 
[28], but we only had data on sleep duration, and were not 
able to examine other important aspects of sleep, includ-
ing efficiency, timing and sleep disorders such as sleep 
apnoea. We also were not able to distinguish between 
night-time sleep and daytime napping, which may be 
independently associated with diabetes. Third, diabetes 
status was assessed by self-report, although validation 
studies within the SCCS showed high specificity for 
self-reported diabetes, with 96% of diagnoses confirmed 
using medical records or HbA1c testing [29]. In addition, 
although adult-onset type 1 diabetes is generally rare, we 
did not have information on types of diabetes and thus 
were not able to restrict our analysis to type 2 diabetes. 
Fourth, we did not have information on time of diabetes 
diagnosis, and were not able to calculate hazard ratios, 
which would be a more accurate measure of relative risk. 
Importantly, underdiagnosis and delayed diagnosis of dia-
betes are common, especially in low-income populations. 
These issues may lead to misclassification of the study 
outcome and failure to exclude participants who had undi-
agnosed diabetes at baseline. As undiagnosed diabetes 
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may disrupt sleep as a result of neuropathic pain and noc-
turia, this could cause temporal ambiguity in the relation-
ship between exposure and outcome and contribute to 
reverse causation. Fifth, the statistical power is limited for 
detecting significant interactions in subgroup analyses, 
particularly the analysis by subgroups defined by both 
race and education. Sixth, although our large and diverse 
study sample was a unique strength, it only included par-
ticipants living in the southeastern USA, who may not 
be representative of the national population. Seventh, all 
covariates included in our analyses were based on self-
reported data, which may lead to measurement error and 
incomplete control for confounding. Eighth, the follow-up 
period was the same for the measurement of sleep trajec-
tories and incident diabetes. Therefore, we were not able 
to clarify the temporal relationship between the two, and 
a bidirectional relationship is possible. Finally, the SCCS 
is an observational cohort, and is not designed to allow 
causal inferences based on its findings, due to residual 
confounding.

In conclusion, our findings contribute to the existing lit-
erature by further establishing associations between long-
term sleep duration trajectories and diabetes. Our study also 
expanded the knowledge base by focusing on an understud-
ied population that includes large numbers of low-income 
and Black Americans, and by performing analyses in specific 
race and socioeconomic subgroups. Future studies should 
assess to what degree long-term patterns of sleep contribute 
to racial and socioeconomic disparities in health outcomes, 
and identify what social and environmental factors shape 
long-term sleep trajectories in the population. Intervention 
studies are also needed to evaluate whether improving sleep 
health may reduce health disparities in the USA.
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