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ARTICLE INFO ABSTRACT
Keywords: Aims: To examine the associations of disrupted circadian rest-activity rhythm (CRAR) with cardiovascular dis-
Circadian rhythm eases and mortality among people with type 2 diabetes.

Type 2 Diabetes
Cardiovascular disease
Mortality

Methods: A total of 3147 participants with baseline type 2 diabetes (mean age 65.21 years, 39.78% female; mean
HbAlc 50.02 mmol/mol) from UK Biobank were included. The following CRAR parameters were derived from
acceleration data: interdaily stability (IS), intradaily variability (IV), relative amplitude (RA), most active 10 h
period onset (M10 onset), and least active 5 h period onset (L5 onset). We used Cox proportional hazards models
to estimate the associations of CRAR with cardiovascular diseases and mortality, adjusting for sociodemographic,
lifestyle, and health characteristics.

Results: Participants in the lowest quartile of IS and RA exhibited the greatest risk of developing cardiovascular
disease (IS, hazard ratio [HR]q1 vs. 04 1.40 [95% confidence interval (CI) 1.04, 1.88]; RA, HRq; vs. 4 2.45 [95%
CI 1.73, 3.49]). However, the association between delayed L5 onset and cardiovascular disease risk did not reach
statistical significance. Additionally, we found that high IV and low RA were associated with all-cause and
cardiovascular mortality.

Conclusion: Objectively determined CRAR disturbances may increase the risk of cardiovascular diseases and
mortality among people with type 2 diabetes.

1. Introduction glucose regulation and increase inflammation [2,3], with potential
relevance to cardiovascular disease (CVD) [4]. Epidemiological studies

Growing evidence from the general population has linked circadian have demonstrated that circadian disruptions such as shift work are
rhythm and its manifestations with cardiometabolic health [1]. Exper- significantly associated with an increased risk of type 2 diabetes and
imental studies in humans have found that circadian disruptions impair cardiovascular events [5,6]. Recently, a cross-sectional study among 52
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adults further found that objectively measured circadian rest-activity
rhythms were associated with indices of cardiometabolic health (e.g.,
fasting lipids, C-reactive protein) [7]. Moreover, results from the Multi-
Ethnic Study of Atherosclerosis with a 5-year follow-up demonstrated
that high day-to-day stability in sleep duration or timing may be novel
risk factors for CVD [8]. However, most previous studies have several
limitations including being in a non-free-living environment, potential
misclassification due to crude measures of exposures, small sample size,
cross-sectional nature of the data, and limited metrics of circadian
rhythm. In particular, despite the fact that a disrupted circadian rhythm
is particularly common among the population with type 2 diabetes [9],
prospective high-quality and comprehensive evidence focusing on the
associations of objectively determined circadian rhythm disruption with
cardiovascular outcomes and mortality in this population is scarce.

The accelerometer is an objective and ambulatory monitoring
method for assessing circadian rest-activity rhythm (CRAR), which is the
most evident manifestation of circadian rhythm in humans [10-12]. The
nonparametric method developed by van Someren et al. for quantifying
the CRAR has been used widely [13,14], and the metrics mainly include
interdaily stability (IS), intradaily variability (IV), relative amplitude
(RA), the least active 5 continuous hours onset (L5 onset), and the most
active 10 continuous hours onset (M10 onset). IS stands for the stability
of rhythm and a higher IS indicates good synchronization to light and
other environmental cues that regulate the biological clock. The IV re-
flects the fragmentation of the rhythm, and a higher IV would be
observed among those who often nap during the daytime and are more
frequently awake during the night. The RA is the robustness of rhythm
and higher RA reflects increased daytime activity, or more restful sleep,
or both. The L5 onset reflects the timing of sleep onset and M10 onset
indicates whether a person is most active earlier or later in the day.
Disruption of CRAR is characterized by low interdaily stability, high
intradaily variability, low relative amplitude, or phase advance or delay.

The UK Biobank is a prospective cohort study and has collected a
large objective physical activity dataset to date using wrist-worn ac-
celerometers with links to health records in the UK, which provides an
ideal opportunity for us to investigate the circadian rhythm disruption
and health risk among the population with type 2 diabetes. Therefore, to
address the aforementioned gaps in the literature, we aimed to examine
the associations of accelerometer-derived CRAR with the risks of CVD
and mortality among people with type 2 diabetes in the UK Biobank over
8.3 years of follow-up.

2. Materials and methods
2.1. Participants and setting

The UK Biobank is a prospective study that recruited over 500 000
participants aged 40 to 73 years between 2006 and 2010 from across the
UK. Between 2013 and 2015, data from a subsample of 103 712 par-
ticipants who wore an Axivity AX3 triaxial accelerometer on their
dominant wrist were collected [15]. The UK Biobank accelerometer
expert working group conducted data processing and generated physical
activity intensity data for 103 682 participants. We excluded partici-
pants whose accelerometer data were flagged as being unreliable, or
those with accelerometer data for less than 72 h or did not provide data
for all 1-h periods within a 24-h cycle. We also excluded those data
identified as not well-calibrated, or those data were recalibrated using
the previous accelerometer record from the same device worn by a
different participant, or those data with a non-zero count of interrupted
recording periods, or those data with more than 768 (Q3 + 1.5xIQR)
data recording errors. In the current study, 92 614 participants whose
data passed quality control were available, among whom 3940 were
identified as having probable type 2 diabetes before wearing the
accelerometer. Participants were classified as having type 2 diabetes
whenever one of three criteria was met: 1) type 2 diabetes indicated by
using a validated algorithm [16] based on self-reported disease,
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medication, and a diagnosis of type 2 diabetes noted in the medical
history. 2) HbAlc level >48 mmol/mol. 3) Non-insulin-dependent dia-
betes mellitus diagnoses (International Classification of Diseases, 10th
revision (ICD-10) codes E11) were obtained through the linked hospital
admission data. Individuals with probable or possible type 1 diabetes or
gestational diabetes mellitus identified by the aforementioned algorithm
were excluded from the analysis. In addition, we excluded those who
had CVD before wearing the accelerometer. A flowchart of participant
selection is shown in Supplemental Fig. S1.

The UK Biobank received ethical approval from the NHS (National
Health Service) National Research Ethics Service (Ref11/NW/0382). All
participants provided written informed consent before enrollment in the
study.

2.2. Ascertainment of exposures

Nonparametric models were utilized to estimate the following CRAR
parameters from activity intensity data as these are thought to better
represent the non-sinusoidal form of the rhythm among older adults
[17]. These CRAR parameters: (1) IS, an estimate of the stability/syn-
chronization of the rhythm, wherein 1 signifies a perfect synchroniza-
tion to the light-dark cycle; (2) IV, an estimate of the fragmentation of
the rhythm, where a higher IV indicates a more fragmented rhythm; (3)
RA, reflecting the difference between the least and most active periods
during the day, hence a higher RA represents a stronger circadian
rhythm. (4) L5 onset indicates the phase markers of circadian function
corresponding to the offset of activity. (5) M10 onset indicates the phase
markers of circadian function corresponding to the onset of activity.

Similar to a previous study [18], IS, IV, and RA were examined based
on quartile distributions. Considering the potential U-shaped associa-
tions observed and sufficient sample size across the categories, L5 onset,
and M10 onset were examined in terms of deviation from the population
mean (L5 onset: 01:00 AM, M10 onset: 8:34 AM). “Advanced” partici-
pants were defined as having an L5 onset or M10 onset of < -0.5 stan-
dard deviations (SD) from the mean (L5 onset: <00:20 AM, M10 onset:
<7:49 AM), and “Delayed” participants were defined as having an L5
onset or M10 onset of > +0.5 SD from the mean (L5 onset: >01:41 AM,
M10 onset: >9:20 AM). Participants in the reference category had an L5
onset or M10 onset within 0.5 SD of the mean (L5 onset: 00:20 AM-01:41
AM; M10 onset: 7:49 AM-9:20 AM).

2.3. Ascertainment of outcomes

The primary outcome was the incident CVD as IHD and stroke. The
secondary outcomes were the incident ischemic heart disease (IHD) and
mortality from all-cause and CVD. The incident stroke was not included
in the analyses due to its evidently insufficient events according to the
rule-of-thumb estimation [19]. The incident CVD events were defined
with the ICD-10 codes on the hospital or death records: 120-125 (angina
pectoris; acute myocardial infarction; subsequent myocardial infarction;
certain current complications following acute myocardial infarction;
other acute ischemic heart diseases; chronic ischemic heart disease) and
160-164 (subarachnoid hemorrhage; intracerebral hemorrhage; other
nontraumatic intracranial hemorrhage; cerebral infarction; stroke, not
specified as hemorrhage or infarction). The IHD events were defined as
hospital admission or death with the following ICD-10 codes: 120-25.
The CVD mortality was defined using the following ICD-10 codes: 100-
199. The date and cause of hospital admissions were obtained through
record linkage to health episode statistics (England and Wales) and
Scottish morbidity records (Scotland). The date and cause of death were
obtained from death certificates held within the NHS Information Centre
(England and Wales) and the NHS Central Register Scotland (Scotland).
At the time of analysis, data were available to September 30, 2021, and
we censored the incident events at this date or the date of event in
question or death, whichever occurred first.
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2.4. Ascertainment of covariates

Age was calculated from the date of birth and accelerometer wear.
Sex, ethnic origin, Townsend deprivation index, region, educational
level, smoking status, frequency of alcohol intake, and diet-related fac-
tors were obtained from touchscreen questions at the time-point closest
to the accelerometer. The healthy diet score was calculated using the
following factors: vegetable intake at least four tablespoons each day
(median); fruits intake at least three pieces each day (median); fish
intake at least twice a week (median); unprocessed red meat intake no
more than twice a week (median); and processed meat intake no more
than twice a week (median). One point was given for each favorable diet
factor, with total diet score ranging from 0 to 5. Season when the
accelerometer started, sleep duration, and duration of moderate to
vigorous physical activity recorded by the accelerometer were included.

2.5. Statistical analyses

To minimize the potential for inferential bias and to maximize the
statistical power possible, we conducted multiple imputations to assign
any missing covariate values by using the “mice” R package, assuming
data were conditionally missing at random. Detailed information on the
missing covariates is provided in Supplemental Table S1. Baseline
characteristics are presented as number (%) for categorical variables and
as the mean + SD or median [interquartile range] for continuous
variables.

Cox proportional hazard regression, with time since accelerometer
wearing time as the start of follow-up, was used to model the associa-
tions of CRAR with cardiovascular outcomes and mortality, excluding
participants with CVD at baseline. The proportionality of hazards
assumption was assessed using the Schoenfeld residuals technique and
no violation of the assumption was found. Hazard ratios (HRs) and the
corresponding 95% confidence intervals (CIs) were calculated. The basic
model examined the associations of CRAR with multiple outcomes,
adjusting for age and sex. Model 2 additionally adjusted for ethnic
origin, Townsend deprivation index, recruitment center, education
level, and season of accelerometer wear. Model 3 adjusted for these
covariates in addition to healthy diet score, smoking status, and alcohol
intake. Model 4 adjusted all the covariates in Model 3, in addition to
sleep duration and duration of moderate to vigorous physical activity, to
examine whether the associations were independent of sleep and
physical activity. Collinearity between all covariates included in the
analyses was examined using correlation matrix analysis, which
revealed no problem of multicollinearity. In addition, we used restricted
cubic splines with three knots (percentile 10, 50, 90) to assess the
possible linear and non-linear associations between CRAR parameters
and multiple outcomes.

Furthermore, we performed five sensitivity analyses to investigate
potential sources of bias in our primary results of the associations be-
tween CRAR parameters and CVD incidence. First, to interrogate the
potential bias from competing risks, Fine-Gray subdistribution hazards
were calculated, incorporating death as a competing risk for the inci-
dence of CVD. Second, we restricted the analyses to participants without
missing covariate. Third, we excluded events that occurred within the
first year of follow-up. Fourth, we excluded those reporting a history of
shift work, which were collected by touchscreen questionnaires and
online follow-up questionnaires. Fifth, we additionally adjusted for
health-related variables potentially on the causal pathway [18,20],
including HbAlc, systolic blood pressure, obesity, insomnia, long-
standing illness, blood glucose-lowering medications, blood pressure-
lowering medications, and cholesterol-lowering medications.

To test the robustness and potential variations in sex subgroups, we
repeated the main analyses stratified by sex (Female/Male). All statis-
tical analyses were conducted by using the R software version 4.0.4 (R
Foundation for Statistical Computing, Vienna, Austria) and SPSS 26.0
(SPSS Inc. Chicago, IL, USA). All statistical tests were two-sided, and a P
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value of less than 0.05 was regarded as statistically significant.
3. Results
3.1. Characteristics of the study population

Of 3940 individuals with probable type 2 diabetes, 793 were
excluded because they were diagnosed with CVD before wearing the
accelerometer, leaving 3147 participants for the main analyses (Sup-
plemental Fig. S1). During a follow-up of 8.33 years, 390 participants
(12.39%) developed CVD, and 341(10.84%) developed IHD. In addition,
251(7.98%) died from all-cause and 110 (3.50%) died from CVD.

The baseline characteristics of the study population according to the
CVD incidence are shown in Table 1. The mean (SD) age was 65.21
(6.85) years, and 1252 (39.78%) were female. Compared with partici-
pants without incident CVD, those with incident CVD were more likely
to be older, male, materially deprived, and recruited from England,
smokers. They also tended to have lower education levels, consume less
alcohol, and have short sleep duration and less moderate to vigorous
physical activity. In addition, they were more likely to have higher
HbAlc and systolic blood pressure, be obese, have insomnia and long-
standing illness, and use blood glucose-lowering medications, blood
pressure-lowering medications, or cholesterol-lowering medications.
The baseline characteristics of the study population by IS, IV, RA, L5
onset, and M10 onset categories were shown in Supplemental Table S2-
6.

3.2. Associations of circadian rest-activity rhythms with incident
cardiovascular disease among people with type 2 diabetes

Fig. 1 shows that overall, IS, RA, and L5 onset, but not IV or M10
onset, were significantly associated with the risk of CVD. The associa-
tions of IS, IV, RA, and M10 onset with CVD incidence were linear, and
L5 onset exhibited a non-linear association with CVD incidence. As
shown in Table 2, in Model 1, participants in the lowest quartile of IS had
a 38% higher risk of developing CVD than those in the highest quartile
(HR: 1.38, 95%CI: 1.03-1.84), and these associations remained signifi-
cant upon multivariable adjustment. A significant linear trend across
quartiles was observed, such that a linear increase in the hazards of
developing CVD was found with corresponding decrease across quartiles
of IS (P for trend = 0.012). In the minimally adjusted model, participants
in the lowest quartile of RA exhibited a more than 2-fold risk of CVD
than those in the highest quartile (HR: 2.71, 95%CIL: 2.00-3.68), and this
association remained strong across all models. The linear trend across
quartiles was significant. In addition, delayed L5 onset (HR: 1.29, 95%
CI: 1.02-1.64), but not advanced onset, was associated with a higher risk
of CVD in comparison with the intermediate group after controlling for
sociodemographic and lifestyles factors. However, the association of
delayed L5 onset and CVD risk did not reach statistical significance after
further adjustment for sleep duration and duration of moderate to
vigorous physical activity (HR: 1.25, 95%CI: 0.99-1.59). In addition, we
did not observe significant associations of IV and M10 onset with the
incidence of CVD.

In the sensitivity analyses, all results remained largely unchanged by
using competing risk regression, excluding participants with missing
data on covariates, excluding events that occurred within the first year
of follow-up, or excluding those who reported shift work history (Sup-
plemental Table S7-10). In addition, further adjustment for HbAlc,
systolic blood pressure, obesity, insomnia, longstanding illness, use of
blood glucose-lowering medications, use of blood pressure-lowering
medications, and use of cholesterol-lowering medications slightly
attenuated the results, but the associations remained similar (Supple-
mental Table S11). Subgroup analyses stratified by sex categories
revealed similar results despite limited statistical power. Notably, the
association between delayed L5 onset and cardiovascular disease seems
more prominent among female participants with type 2 diabetes



L. Yang et al.

Table 1
Characteristics of participants at baseline
Characteristic No. (%)
All No CVD Incident
(n=3147) (N=2757) CVD
(n=390)
Age at accelerometry, mean (SD), 65.21 64.91 (6.90) 67.36 (6.00)
y (6.85)
Female 1252 1126 (40.84) 126 (32.31)
(39.78)
White ethnicity 2940 2576 (93.43) 364 (93.33)
(93.42)
Townsend deprivation index, -1.92 -1.96 [4.25] -1.70 [4.46]
median [IQR] [4.26]
Recruitment regions
England 2832 2466 (89.45) 366 (93.85)
(89.99)
Wales 146 (4.64) 140 (5.08) 6 (1.54)
Scotland 169 (5.37) 151 (5.48) 18 (4.62)
Education level
Degree or above 1109 983 (35.65) 126 (32.31)
(35.24)
Any other qualification 1599 1409 (51.11) 190 (48.72)
(50.81)
No qualification 439 (13.95) 365 (13.24) 74 (18.97)
Season of accelerometer wear
Spring 669 (21.26) 587 (21.29) 82 (21.03)
Summer 834 (26.50) 729 (26.44) 105 (26.92)
Autumn 957 (30.41) 832 (30.18) 125 (32.05)
Winter 687 (21.83) 609 (22.09) 78 (20.00)
Healthy diet score, mean (SD) 2.55 (1.19) 2.55 (1.18) 2.59 (1.21)
Smoking status
Never 1437 1271 (46.10) 166 (42.56)
(45.66)
Previous 1469 1276 (46.28) 193 (49.49)
(46.68)
Current 241 (7.66) 210 (7.62) 31 (7.95)
Alcohol consumption
Not current 325 (10.33) 278 (10.08) 47 (12.05)
Two or less times a week 1714 1508 (54.70) 206 (52.82)
(54.46)
Three or more times a week 1108 971 (35.22) 137 (35.13)
(35.21)
Sleep duration
< 7 hours/day 1316 1139 (41.31) 177 (45.38)
(41.82)
7-8 hours/day 1232 1090 (39.54) 142 (36.41)
(39.15)
> 8 hours/day 599 (19.03) 528 (19.15) 71 (18.21)

Duration of moderate to vigorous 55.50 57.83 41.83

physical activity (mins/week), [104.17] [106.66] [87.54]
median [IQR]
HbAlc (mmol/mol) 50.02 49.98 50.29 (12.71)
(13.24) (13.31)
Obesity (yes) 1600 1368 (49.62) 232 (59.49)
(50.84)
Systolic blood pressure (mmHg) 142.28 142.13 143.31
(16.93) (16.94) (16.87)
Insomnia
Never/rarely 708 (22.50) 644 (23.36) 64 (16.41)
Sometimes 1351 1184 (42.95) 167 (42.82)
(42.93)
Usually 1088 929 (33.67) 159 (40.77)
(34.57)
Longstanding illness (yes) 2348 2042 (74.07) 306 (78.46)
(74.61)
Use of blood glucose-lowering 1705 (54.2) 1477 (53.57) 228 (58.46)
medications (yes)
Use of blood pressure-lowering 1722 1483 (53.79) 239 (61.28)
medications (yes) (54.72)
Use of cholesterol-lowering 2014 1749 (63.44) 265 (67.95)
medications (yes) (64.00)

Abbreviation: IQR: interquartile range; SD: standard deviation. Townsend
deprivation index was calculated based on the preceding national census output
areas prior to participants joining UK Biobank.
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(Supplemental Table S12).

3.3. Associations of circadian rest-activity rhythms with incident ischemic
heart disease and mortality among people with type 2 diabetes

Supplemental Fig. S2-4 show that overall, IS, RA, and L5 onset, but
not IV or M10 onset, were significantly associated with IHD incidence.
The associations of IS, IV, RA, and M10 onset with IHD incidence were
linear, and L5 onset exhibited a non-linear association with IHD inci-
dence. For mortality, the IV and RA were significantly associated with
all-cause and CVD mortality, but not IS, L5 onset, and M10 onset. All
CRAR parameters exhibited linear associations with all-cause and CVD
mortality.

We examined the CRAR in relation to incident IHD, all-cause mor-
tality, and CVD mortality, and the results are presented in Supplemental
Table S13, Table 3, and Table 4. In the fully adjusted model, the lowest
quartile of RA was significantly associated with a higher risk of incident
IHD (HRq1vs.Q4: 2.49, 95%CI: 1.71-3.64). We also found a trend sup-
porting an association between the lower quartile of IS and higher HRs
of incident IHD. In addition, delayed L5 onset (HR: 1.31, 95%CI: 1.01-
1.68), but not advanced L5 onset, was associated with a higher risk of
developing IHD in comparison with the intermediate group. After
further controlling for sleep duration and moderate to vigorous physical
activity, the association was attenuated slightly, but the trend remained.
No significant associations of IV and M10 onset with IHD incidence were
found among people with type 2 diabetes. In terms of all-cause mor-
tality, the highest quartile of IV, lowest quartile of RA, and extreme L5
onset were significantly associated with all-cause mortality, and asso-
ciations remained significant in final model (IV: HRg4ys. g1: 1.48, 95%CI:
1.04-2.12; RA: HRoavs.o1: 1.75, 95%CL: 1.14-2.71; L5 onset: HRqdyan.
cedVS.intermediate: 1.39, 95%CI: 1.02-1.89, HRgelayedvs.intermediate: 1.40,
95%CI: 1.03-1.90). No significant associations of IS and M10 onset with
all-cause mortality were observed. Similar findings were found for the
associations with CVD mortality. There were significant associations of
IV and RA with CVD mortality (IV: HRg4vs.Q1: 1.82, 95%CI: 1.07-3.10;
RA: HRg4vs.q1: 3.98, 95%CI: 1.76-9.00), but not IS, L5 onset, and M10
onset.

4. Discussion

In this prospective cohort study among people with type 2 diabetes,
we found that disrupted CRAR, objectively quantified by continuous
accelerometer recordings, was associated with higher risks of CVD, IHD,
and mortality from all-cause and CVD. In detail, low IS (decreased day-
to-day consistency in rhythm) and low RA (less robustness in rhythm)
were associated with an increased risk of CVD. A series of sensitivity
analyses for assessing potential bias provided further support to the
robustness of these findings. Similarly, we also found that low RA was
associated with the risk of IHD, and those with low IS and delayed L5
onset also demonstrated a slightly higher risk. In addition, high IV
(fragmentation in rhythm) and low RA were significantly associated
with CVD mortality. Similar patterns were observed for all-cause
mortality.

To our knowledge, this is the first study to comprehensively inves-
tigate the associations of circadian rest-activity patterns with cardio-
vascular outcomes and mortality among people with type 2 diabetes.
Some epidemiological and prospective studies have linked circadian
disruption to cardiometabolic outcomes and mortality in the general
population [7,21-24]. Sohail et al. primarily focused on IS measured by
accelerometers and found that a higher IS was independently associated
with lower odds of numerous cardiometabolic diseases, including
metabolic syndrome, diabetes, obesity, hypertension, dyslipidemia, and
CVD [21]. Another cross-sectional study with a small sample size (N=
52) demonstrated that IS and IV, but not RA, were associated with
cardiometabolic biomarkers [7]. While data from teens with a moderate
sample size (N= 778) found that higher RA was strongly associated with
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Fig. 1. Associations of circadian rest-activity rhythms with incident cardiovascular disease among people with type 2 diabetes Abbreviation: CI, confidence
interval; HR, hazard ratio; IS, interdaily stability; IV, intradaily variability; M10, activity counts of the most active 10 hours of the day; M10 onset, onset of activity
during the day; L5, activity counts of the least active 5 hours of the day; L5 onset, offset of activity during the night; RA, relative amplitude. In minimally adjusted
models (dash line), analyses were adjusted for age and sex (Model 1). In fully adjusted models (solid line), analyses were adjusted for age, sex, ethnic origin,
Townsend deprivation index, recruitment center, education level, season of accelerometer wear, healthy diet score, smoking status, alcohol intake, sleep duration,
and duration of moderate to vigorous physical activity (Model 4). Shaded areas represent the 95% Cls in Model 4. Participants with prevalent CVD were excluded.

favorable indices of adiposity and cardiometabolic health [22], which is
consistent with our findings. Shift work, which wreaks havoc on the
circadian rhythm and decreases the levels of IS and RA [25], was also
found to associate with higher risks of cardiometabolic diseases and
mortality [23,24]. Notably, our results suggest that CVD incidence is
particularly sensitive to decreased day-to-day consistency in rhythm (.
e., low IS) while mortality is more sensitive to fragmentation in rhythm
(i.e., high IV) among population with type 2 diabetes. It is possible that
IS, representing consistency of the daily circadian signal across days,

which may link to the strength of its coupling master clock to stable
zeitgebers [26], plays a more important role in developing cardiovas-
cular disease, while IV, relating to the degeneration of the circadian
timing system [27], may be a nonspecific health indicator and reflects
the presence of different clinical and subclinical diseases [28], which
may further contribute to the mortality. However, the underlying
mechanism of these differences is still unclear, and further studies are
needed to confirm these associations and elucidate exactly which spe-
cific pathophysiological processes mediate the link of rest-activity
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Table 2
Associations between circadian rest-activity rhythms and Risk of incident cardiovascular disease among people with type 2 diabetes
No. of events/person-years Model 1HR (95% CI) Model 2HR (95% CI) Model 3HR (95% CI) Model 4HR (95% CI)

IS
Q1 104/4937 1.38 (1.03, 1.84) 1.36 (1.01, 1.82) 1.36 (1.01, 1.82) 1.40 (1.04, 1.88)
Q2 107/4911 1.31 (0.99, 1.75) 1.35(1.01, 1.79) 1.35(1.01, 1.79) 1.37 (1.03, 1.83)
Q3 93/4947 1.09 (0.81, 1.46) 1.11 (0.83, 1.49) 1.12 (0.83, 1.50) 1.14 (0.85, 1.53)
Q4 86/4947 1[Reference] 1[Reference] 1[Reference] 1[Reference]
P- trend 0.015 0.019 0.020 0.012

v
Q1 81/5023 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Q2 99/4885 1.19 (0.89, 1.60) 1.21 (0.90, 1.62) 1.21 (0.90, 1.62) 1.21 (0.90, 1.62)
Q3 105/4892 1.27 (0.95, 1.70) 1.27 (0.95, 1.71) 1.28 (0.96, 1.71) 1.29 (0.96, 1.72)
Q4 105/4943 1.27 (0.95, 1.69) 1.27 (0.95, 1.70) 1.27 (0.94, 1.70) 1.31 (0.97, 1.75)
P- trend 0.10 0.11 0.11 0.071

RA
Q1 150/4657 2.71 (2.00, 3.68) 2.70 (1.99, 3.67) 2.70 (1.98, 3.67) 2.45 (1.73, 3.49)
Q2 93/4951 1.57 (1.13, 2.18) 1.58 (1.13, 2.19) 1.57 (1.13, 2.18) 1.45 (1.02, 2.07)
Q3 89/4995 1.44 (1.03, 2.00) 1.46 (1.04, 2.03) 1.46 (1.05, 2.04) 1.39 (0.98, 1.96)
Q4 58/5140 1[Reference] 1[Reference] 1[Reference] 1[Reference]
P- trend < 0.001 < 0.001 < 0.001 < 0.001

L5 onset
Advanced 115/5805 1.12 (0.88, 1.43) 1.14 (0.89, 1.45) 1.14 (0.89, 1.45) 1.15 (0.90, 1.47)
Intermediate 149/8465 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Delayed 126/5473 1.29 (1.02, 1.64) 1.30 (1.03, 1.65) 1.29 (1.02, 1.64) 1.25 (0.99, 1.59)
P- trend 0.27 0.29 0.32 0.52

M10 onset
Advanced 113/5746 1.00 (0.79, 1.27) 0.98 (0.77, 1.24) 0.97 (0.77, 1.23) 0.98 (0.77, 1.25)
Intermediate 180/9113 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Delayed 97/4884 1.17 (0.91, 1.50) 1.14 (0.89, 1.47) 1.14 (0.88, 1.46) 1.11 (0.87, 1.43)
P- trend 0.30 0.29 0.29 0.39

Abbreviation: CI, confidence interval; HR, hazard ratio; IS, interdaily stability; IV, intradaily variability; M10, activity counts of the most active 10 hours of the day;
M10 onset, onset of activity during the day; L5, activity counts of the least active 5 hours of the day; L5 onset, offset of activity during the night; RA, relative amplitude.
Model 1 was adjusted for age and sex. Model 2 was adjusted as in model 1 and for ethnic origin, Townsend deprivation index, recruitment center, education level, and
season of accelerometer wear. Model 3 was adjusted as in model 2 and for healthy diet score, smoking status, and alcohol intake. Model 4 was adjusted as in model 3
and for sleep duration and duration of moderate to vigorous physical activity. Participants with prevalent CVDs were exclude.

Table 3
Associations between circadian rest-activity rhythms and risk of all-cause mortality among people with type 2 diabetes
No. of events/ Model 1 Model 2 Model 3 Model 4
person-years HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

IS
Q1 68/5250 1.21 (0.86, 1.70) 1.20 (0.85, 1.69) 1.19 (0.84, 1.68) 1.28 (0.91, 1.81)
Q2 55/5232 0.87 (0.61, 1.24) 0.87 (0.61, 1.25) 0.88 (0.61, 1.25) 0.92 (0.64, 1.32)
Q3 59/5230 0.88 (0.62, 1.24) 0.88 (0.62, 1.25) 0.89 (0.63, 1.26) 0.91 (0.64, 1.29)
Q4 69/5210 1[Reference] 1[Reference] 1[Reference] 1[Reference]
P- trend 0.33 0.37 0.38 0.20

v
Q1 52/5274 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Q2 58/5207 1.06 (0.73, 1.53) 1.05 (0.72, 1.53) 1.05 (0.72, 1.53) 1.06 (0.73, 1.55)
Q3 64/5226 1.16 (0.81, 1.68) 1.15 (0.80, 1.67) 1.14 (0.79, 1.64) 1.15 (0.80, 1.66)
Q4 77/5214 1.45 (1.02, 2.07) 1.43 (1.00, 2.04) 1.40 (0.98, 2.00) 1.48 (1.04, 2.12)
P- trend 0.028 0.037 0.051 0.025

RA
Q1 107/5086 2.81 (1.93, 4.09) 2.67 (1.82, 3.90) 2.50 (1.70, 3.66) 1.75 (1.14, 2.71)
Q2 59/5241 1.47 (0.94, 2.22) 1.44 (0.95, 2.18) 1.36 (0.90, 2.07) 0.99 (0.63, 1.55)
Q3 48/5281 1.14 (0.74, 1.75) 1.16 (0.75, 1.78) 1.15 (0.74, 1.76) 0.93 (0.60, 1.45)
Q4 37/5315 1[Reference] 1[Reference] 1[Reference] 1[Reference]
P- trend < 0.001 < 0.001 < 0.001 0.001

L5 onset
Advanced 81/6197 1.40 (1.03, 1.90) 1.42 (1.05, 1.93) 1.38 (1.01, 1.87) 1.39 (1.02, 1.89)
Intermediate 83/8904 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Delayed 87/5821 1.56 (1.16, 2.11) 1.52 (1.13, 2.06) 1.47 (1.08, 1.99) 1.40 (1.03, 1.90)
P- trend 0.47 0.63 0.67 0.93

M10 onset
Advanced 72/6098 0.88 (0.66, 1.18) 0.87 (0.65, 1.16) 0.86 (0.64, 1.15) 0.90 (0.67, 1.20)
Intermediate 132/9644 1[Reference] 1[Reference] 1[Reference] 1[Reference]
Delayed 47/5179 0.82 (0.59, 1.15) 0.80 (0.57,1.13) 0.77 (0.55, 1.08) 0.75 (0.53, 1.05)
P- trend 0.86 0.84 0.73 0.43

Abbreviation: CI, confidence interval; HR, hazard ratio; IS, interdaily stability; IV, intradaily variability; M10, activity counts of the most active 10 hours of the day;
M10 onset, onset of activity during the day; L5, activity counts of the least active 5 hours of the day; L5 onset, offset of activity during the night; RA, relative amplitude.
Model 1 was adjusted for age and sex. Model 2 was adjusted as in model 1 and for ethnic origin, Townsend deprivation index, recruitment center, education level, and
season of accelerometer wear. Model 3 was adjusted as in model 2 and for healthy diet score, smoking status, and alcohol intake. Model 4 was adjusted as in model 3
and for sleep duration and duration of moderate to vigorous physical activity. Participants with prevalent CVDs were excluded.
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Table 4

Associations between circadian rest-activity rhythms and risk of cardiovascular mortality among people with type 2 Diabetes

Diabetes Research and Clinical Practice 197 (2023) 110262

No. of events/
person-years

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Model 3
HR (95% CI)

Model 4
HR (95% CI)

IS
Q1 26/5250 1.19 (0.69, 2.07)
Q2 31/5232 1.27 (0.75, 2.15)
Q3 27/5230 1.05 (0.62, 1.81)
Q4 26/5210 1[Reference]
P- trend 0.41

v
Q1 21/5274 1[Reference]
Q2 24/5207 1.08 (0.60, 1.94)
Q3 24/5226 1.08 (0.60, 1.94)
Q4 41/5214 1.88 (1.11, 3.19)
P- trend 0.015

RA
Q1 58/5086 7.04 (3.36, 14.77)
Q2 25/5241 2.90 (1.31, 6.44)
Q3 19/5281 2.08 (0.91, 4.76)
Q4 8/5315 1[Reference]
P- trend < 0.001

L5 onset
Advanced 24/6197 1.36 (0.85, 2.17)
Intermediate 36/8904 1[Reference]
Delayed 40/5821 1.67 (1.06, 2.62)
P- trend 0.35

M10 onset
Advanced 35/6098 1.01 (0.66, 1.55)
Intermediate 55/9644 1[Reference]
Delayed 20/5179 0.83 (0.50, 1.40)
P- trend 0.52

1.14 (0.66, 1.99)
1.28 (0.76, 2.16)
1.08 (0.63, 1.86)
1[Reference]
0.52

1[Reference]
1.09 (0.61, 1.97)
1.05 (0.59, 1.90)
1.79 (1.05, 3.04)
0.029

6.39 (3.03, 13.48)
2.80 (1.26, 6.23)
2.15 (0.94, 4.92)
1[Reference]

< 0.001

1.40 (0.88, 2.24)
1[Reference]
1.63 (1.04, 2.57)
0.48

0.98 (0.64, 1.50)
1[Reference]
0.78 (0.47,1.32)
0.48

1.17 (0.67, 2.04)
1.30 (0.77, 2.20)
1.12 (0.65, 1.92)
1[Reference]
0.47

1[Reference]
1.10 (0.61, 1.98)
1.04 (0.58, 1.88)
1.73 (1.02, 2.94)
0.042

5.91 (2.79, 12.51)
2.59 (1.16, 5.77)
2.12(0.92, 4.85)
1[Reference]

< 0.001

1.33 (0.83, 2.14)
1[Reference]
1.54 (0.98, 2.43)
0.51

0.96 (0.63, 1.47)
1[Reference]
0.75 (0.45, 1.26)
0.46

1.27 (0.73, 2.21)
1.39 (0.82, 2.35)
1.16 (0.68, 2.00)
1[Reference]
0.30

1[Reference]
1.11 (0.62, 2.01)
1.08 (0.60, 1.95)
1.82 (1.07, 3.10)
0.025

3.98 (1.76, 9.00)
1.81 (0.78, 4.21)
1.71 (0.74, 3.99)
1[Reference]

< 0.001

1.34 (0.83, 2.15)
1[Reference]
1.41 (0.89, 2.23)
0.77

1.00 (0.65, 1.54)
1[Reference]
0.71 (0.42, 1.20)
0.28

Abbreviation: CI, confidence interval; HR, hazard ratio; IS, interdaily stability; IV, intradaily variability; M10, activity counts of the most active 10 hours of the day;
M10 onset, onset of activity during the day; L5, activity counts of the least active 5 hours of the day; L5 onset, offset of activity during the night; RA, relative amplitude.
Model 1 was adjusted for age and sex. Model 2 was adjusted as in model 1 and for ethnic origin, Townsend deprivation index, recruitment center, education level, and
season of accelerometer wear. Model 3 was adjusted as in model 2 and for healthy diet score, smoking status, and alcohol intake. Model 4 was adjusted as in model 3
and for sleep duration and duration of moderate to vigorous physical activity. Participants with prevalent CVD were excluded.

rhythms with cardiovascular disease and mortality. Taken together, the
current study converges with these previous studies and extends them by
showing that decreased day-to-day consistency, high fragmentation, or
reduced robustness in rest-activity patterns might be sensitive bio-
markers of cardiovascular outcomes and mortality in a sample of people
with type 2 diabetes.

Additionally, the associations of extreme L5 onset with cardiovas-
cular diseases and mortality we observed were similar to the previous
reports regarding circadian preference and timing of sleep phase
[29-31]. Two cross-sectional studies found that self-reported evening
chronotypes were significantly associated with poor cardiovascular
health [29,30]. Wallace et al. found that earlier and later sleep mid-
points were associated with greater mortality risk in older men [31].
Together with previous studies, this study provides further evidence
among the population with type 2 diabetes that extreme sleep timing,
that might cause chronic misalignment between internal physiological
timing and external behaviors, could play a significant role in health
risk. However, we did not detect an association of M10 onset (start time
of physical activity) with cardiovascular outcomes and mortality among
people with type 2 diabetes, which is consistent with a recent study [32]
reporting that the time of day of moderate-to-vigorous physical activity
was not associated with all-cause mortality among individuals with type
2 diabetes. However, Qian et al. reported that morning and evening
moderate to vigorous physical activity had higher cardiorespiratory
fitness than the mixed group while null findings were observed with
cardiovascular risk measured by the Framingham risk score in the entire
sample of adults with type 2 diabetes, and their associations varied by
sex [33]. Therefore, these findings are controversial, and future work is
warranted to clarify the health effects of the timing of physical activity
among populations with type 2 diabetes.

The observed associations of disrupted CRAR with cardiovascular
outcomes and mortality among people with type 2 diabetes may be

explained by several mechanisms: First, disrupted rhythms may impact
glycemic control through further impairing beta cell function and in-
sulin sensitivity among those with type 2 diabetes [34]. Elevated glucose
levels lead to the activation of protein kinase C, nuclear factor kB, and
monocyte chemotactic protein-1, all of which contribute to early
atherogenesis. Moreover, animal models have demonstrated that a hy-
perglycemic environment increases glucose uptake in vascular smooth
muscle cells, that causes impaired contractility and induction of a pro-
inflammatory and atherogenic vascular [35]. Second, the majority of
people with type 2 diabetes reported hypertension [36]. Chronic circa-
dian disruptions, such as night shift work, may further worsen cardio-
vascular health and increase the risk of cardiovascular events [37].
Third, numerous studies have shown that circadian disruption affects
host lipid metabolism through the intestinal microbiome, energy, and
hormones. Lipid metabolism abnormalities accelerate the development
of obesity, which is a significant contributor to cardiovascular conse-
quences [38]. It is worth mentioning that these three explanations are
not necessarily mutually exclusive, and future studies should focus on
elucidating the multiple mechanisms that may drive the associations of
circadian rhythms with cardiovascular outcomes and mortality among
population with type 2 diabetes.

The results of the present study have implications for both risk pre-
diction and prevention of cardiovascular consequences and mortality in
type 2 diabetes. We found that accelerometer-measured circadian ab-
normalities predict the incidence of CVD and mortality among the
population with type 2 diabetes, and the accelerometer might be a
valuable screening tool to identify at-risk individuals. In addition, the
findings of the current study emphasize the important role of circadian
rhythm in the development of CVD and mortality among the population
with type 2 diabetes. It provides clues for therapeutic strategies, such as
lifestyle modifications (e.g. regular sleep timing and meal intake), bright
light therapy, or melatonin supplementation [39], targeting the
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improvement of circadian rhythm to attenuate the risk of CVD and
mortality among those individuals. Further intervention trials are war-
ranted to investigate the effect of those interventions on disease man-
agement among population with type 2 diabetes.

The strengths of this study include the relatively large sample size,
the prospective study design, long-term follow-up, and a series of
sensitivity analyses. In addition, the circadian rest-activity rhythm as the
exposure was objectively measured using the accelerometer. Several
limitations should be considered when interpreting its results. First,
some covariates such as lifestyles were not collected at baseline of the
present study (accelerometer mail-out) but at the physical visits to the
UK Biobank assessment centers. Nonetheless, responses were generally
stable over time [20]. In addition, despite including a wide range of
confounders in the analyses, residual or unmeasured confounding
cannot be ruled out in our study, such as diabetes duration. Second, as
with any observational study, causal inferences could not be made in our
study. Despite this limitation, we attempted to minimize this risk by
adjusting for potential confounding factors and the results remained
similar when we excluded participants with events that occurred during
the first year of follow-up. Third, the majority of the participants were of
European ancestry, and the generalizability of the study findings to
other populations should be evaluated in future studies. Fourth, the
study design was limited to people with type 2 diabetes. We have
compared the characteristics of the sample in our study and the overall
sample in the UK Biobank. Participants in our sample tend to be older,
male, materially deprived, have less healthy diet, previous smokers,
consume alcohol, and less healthy (details are shown in Supplemental
Table S14). It may potentially lead to collider bias although our results
were consistent with the associations between circadian rest-activity
rhythm and cardiovascular outcomes among other populations
[14,22]. Therefore, further studies will be warranted to confirm these
associations.

5. Conclusions

In conclusion, we found that CRAR abnormalities, characterized by
decreased day-to-day consistency, robustness, or high fragmentation in
rhythm, that exist in people with type 2 diabetes may indicate higher
risks of cardiovascular outcomes and mortality. Our study provides clues
for interventions targeting the regulation of circadian rhythms to
improve health among population with type 2 diabetes.
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