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OBJECTIVE

To prospectively analyze the association of sedentary behavior time with type 2
diabetes (T2D) risk and perform the isotemporal substitution analyses to estimate
the effect of substitution of sedentary behaviors by equal time of different types
of daily-life physical activities and structured exercise. We also examined modifi-
cations by the genetic predisposition to T2D.

RESEARCH DESIGN AND METHODS

We included 475,502 participants free of T2D in the UK Biobank. Sedentary time
was quantified by summing up the time spent on television watching, computer
use, and driving.

RESULTS

During a median follow-up of 11 years, we documented 18,169 incident T2D
cases. In comparison of the extreme categories ($6 vs. <2 h/day), the hazard
ratio for T2D was 1.58 (95% CI 1.47, 1.71) after adjustment for age, race, sex, life-
style factors, and other covariates. Replacing 30 min of sedentary behavior per
day with an equal amount of time of different types of daily-life activities and
structured exercise was significantly associated with a 6–31% risk reduction of
T2D, with strenuous sports showing the strongest (31%, 95% CI 24, 37) benefit.
Moreover, we found a significant interaction between sedentary behavior and
genetic predisposition for the risk of T2D (Pinteraction 5 0.0008). The association
was more profound among participants with a lower genetic risk of T2D.

CONCLUSIONS

Our study indicates that sedentary behavior time is associated with an increased
risk of T2D; replacing sedentary behavior with a short duration (30 min/day) of
daily-life physical activities or structured exercise is related to a significant reduc-
tion in T2D risk. Furthermore, such association was stronger among those with a
lower genetic risk of T2D.

The prevalence of type 2 diabetes (T2D) has been increasing and is projected to
increase to 7,079 individuals per 100,000 by 2030 worldwide (1,2). Such an
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escalating trend is partly due to the
excessive sedentary behaviors in com-
pany with the increasingly popular use
of television (TV), computer, and auto-
mobile transportation, etc. According to
the objectively measured data from the
National Health and Nutrition Examina-
tion Survey (NHANES), participants on
average spent >50% of their monitored
time, or 7.7 h/day, engaging in seden-
tary behaviors (3). In the U.K., �30% of
the population spend $6 h engaging in
sedentary behaviors on weekdays, accord-
ing to the data from the Health Survey for
England in 2012. Of note, trends in seden-
tary behavior time have been increasing
significantly in the past decades (4).

Recently, the World Health Organization
released new guidelines on physical activ-
ity and sedentary behavior (5), which pro-
vides new recommendations on reducing
sedentary behaviors. In the U.S., seden-
tary behavior was also introduced as a
new topic in the most recent Physical
Activity Guidelines for Americans (PAG)
(6) and as a new target for T2D preven-
tion and treatment (7). However, there
was insufficient evidence for quantifica-
tion of a sedentary behavior threshold.
Epidemiologic evidence has indicated
positive associations between sedentary
behavior time and T2D (8–12). However,
most of the previous studies estimated
the effect of sedentary lifestyle while
keeping the physical activity constant in
the model, i.e., by adjusting for physical
activity (13–15). Such models failed to
reflect the fact that for a fairly fixed
period of total discretionary time, risk
reductions from reducing sedentary behav-
iors depend on the activity that displaces
sedentary behaviors (16). An isotemporal
substitution paradigm would directly
address such questions by theoretically
replacing a certain amount of sedentary
behavior time with an equal time of physi-
cal activity (16,17). In addition, although the
new guidelines highlight the importance of
reducing sedentary behaviors and increas-
ing physical activity, it is largely unknown
which specific types of discretionary activi-
ties would be ideal alternatives to seden-
tary behavior, and little is known about the
extent to which substitution of sedentary
behaviors by various types of physical activ-
ity reduces the risk of T2D (18).

Moreover, it is well accepted that
genetic factors contribute to the develop-
ment of T2D. In recent years, growing
studies have shown that genetic

susceptibility interacts with lifestyle fac-
tors in development of T2D (19); how-
ever, few studies have investigated the
interaction between a sedentary lifestyle
and genetic susceptibility in relation to
T2D risk.

In this study, we prospectively ana-
lyzed the association between sedentary
behavior time and the risk of T2D among
participants from the UK Biobank. We
particularly investigated the specific types
of activity that might be substituted for
sedentary behavior time to impart bene-
fit on T2D risk reduction, with the iso-
temporal substitution analysis. We also
examined the interaction between sed-
entary behavior and genetic predisposi-
tion to T2D for the incidence of the
disease.

RESEARCH DESIGN AND METHODS

Study Population
The UK Biobank is a large prospective
cohort based in the U.K. (20,21). More
than half a million participants aged
37–73 years old, living within 25 miles of
1 of the 22 assessment centers across
England, Scotland, and Wales, were
recruited between 2006 and 2010. Partici-
pants provided a wide range of health-
related information through touchscreen
questionnaires, physical measurements,
and biological samples. Detailed informa-
tion on the study design has previously
been described (21). Written informed
consent was obtained from all the partici-
pants. The study was approved by both
the National Health Service National
Research Ethics Service (reference no. 11/
NW/0382) and the Institutional Review
Board of Tulane University (2018-1872).

In the current analysis, we excluded
participants with T2D at baseline (n =
13,507) and those with missing informa-
tion on sedentary behaviors (n = 14,167)
at baseline, leaving a total of 475,502
participants for the main analysis. When
we examined the interaction between
sedentary behavior and genetic suscepti-
bility to T2D, we only included 419,997
European descent participants with com-
plete genotyping data in the analysis.

Assessment of Sedentary Behaviors
According to the World Health Organiza-
tion guideline, sedentary behavior refers
to any waking behavior characterized by
a low level of energy expenditure (#1.5
METs) while sitting, reclining, or lying

(22). In the current analysis, sedentary
behavior time was quantified at base-
line by summing up of the hours spent
on TV watching, computer use (not at
work), and driving. At the baseline
assessment, participants were asked,
“In a typical day, how many hours do
you spend on watching TV?”, “In a typi-
cal day, how many hours do you spend
using a computer? (Do not include using
a computer at work),” and “In a typical
day, how many hours do you spend
driving?” We excluded extreme screen
hours (TV plus personal computer use
$12 h and driving time $8 h). We also
categorized sedentary behavior time
into four groups: <2 h/day, 2–3 h/day,
4–5 h/day, and $6 h/day.

Assessment of Outcomes
Prevalent T2D was identified based on
the UK Biobank algorithms for the diag-
nosis of T2D, via self-reported medical
history and medication (23). Informa-
tion on incident T2D was collected
through 8 February 2020. Incident T2D
was defined by ICD-10 code E11 (non-
insulin-dependent diabetes mellitus),
ascertained according to hospital inpa-
tient records containing data on admis-
sions and diagnoses from the Hospital
Episode Statistics for England, Scottish
Morbidity Record for Scotland, and the
Patients Episode Database for Wales (23,24).

Discretionary Physical Activity
Discretionary physical activity was assessed
by the touchscreen questionnaire at base-
line. Participants were asked about partici-
pation in five different types of activities
during the prior 4 weeks. Types of activi-
ties included walking for pleasure (not as a
means of transport), light do-it-yourself
activity (DIY) (i.e., pruning, watering the
lawn), heavy DIY (e.g., weeding, lawn
mowing, carpentry, digging, chopping
wood, home or car maintenance, lifting
heavy objects, or using heavy tools), stren-
uous sports (including those that make
one sweat or breathe hard), and other
exercises (e.g., swimming, cycling, Keep
Fit, and bowling). The average time
(minutes per day) spent on each of the
five different types of activities was cal-
culated by multiplying the reported fre-
quency by the average duration. Walking
for pleasure, light DIY, and heavy DIY
were combined into the category daily-
life activities, and strenuous sports and

2404 Sedentary Behavior, Physical Activity, and T2D Diabetes Care Volume 44, October 2021

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/44/10/2403/632391/dc210455.pdf by guest on 10 April 2024



other exercises were combined into an
indicator of structured exercise according
to the methodology of a previous study
(25). Total time spent on activities was
calculated by summing the average time
spent on the five types of activities.

Genotype Data
Genotyping, imputation, and quality control
of the genetic data were performed by the
UK Biobank team. The detailed information
is available from https://www.ukbiobank.
ac.uk/scientists-3/genetic-data/ (26). We
created a genetic risk score (GRS) for T2D
using the 112 single nucleotide polymor-
phisms (SNPs) that passed quality control
out of the 128 SNPs recently identified to
be associated with T2D at genome-wide
significance (27,28) (Supplementary Table
1). We applied the widely used weight
method with use of the following equation:
T2D GRS = (β1 � SNP1 1 β2 � SNP2 1 . . .
1 β112 � SNP112) � (112/sum of the
β-coefficients), in which SNP was the num-
ber of the risk allele of each SNP. The T2D
GRS ranged from 81.0 to 136.9. A higher
GRS indicates a higher genetic predisposition
to T2D.

Assessment of Other Covariates
Information on age, sex, ethnicity, aver-
age household income, education, and
Townsend deprivation index (based on
the participant’s postcode; higher scores
indicate a higher degree of deprivation)
was obtained from local National Health
Service Primary Care Trust registries along
with the name of the recruitment center
before arrival at the assessment center.
Weight and height were measured at
baseline during the initial assessment cen-
ter visit. BMI was calculated as weight
divided by the square of height in meters
during the initial assessment center visit.
Alcohol intake was assessed with the
touchscreen questionnaire and reported
as “never,” “special occasions only,” “1–3
times per month,” “once or twice a
week,” “3 or 4 times a week,” and “daily
or almost daily.” Smoking status was
obtained with use of the touchscreen
questionnaire and reported as “never,”
“previous,” or “current.” A healthy diet
score was adapted from the American
Heart Association guidelines and defined
as adherence to four or five components
of the following: 1) total fruit intake $4.5
pieces/week, 2) total vegetable intake
$4.5 servings/week (3 tablespoons of

vegetables considered as 1 serving), 3)
total fish intake $2 servings/week, 4)
processed meat intake less often than
twice per week, and 5) red meat intake
five or fewer times per week (29).

Statistical Analysis
Baseline characteristics of the study
population were summarized across the
categories of sedentary behavior time
as n (%) for categorical variables and
means (SDs) for continuous variables.
Follow-up time was calculated from
the recruitment date to the date of
the first diagnosis of T2D, death, or
end of the follow-up—whichever came
first. We conducted the restricted cubic
spline regression to assess the dose-
response association between sedentary
behavior time and T2D incidence. The
reference was set at the 5th percentile
of sedentary behavior time. Cox propor-
tional hazards models were used to esti-
mate the hazard ratios (HRs) and 95% CI
for the associations between sedentary
behavior time and risk of T2D. The pro-
portional hazards assumption was tested
by inclusion of an interaction term
between sedentary behavior time and
the time variable. No evidence of viola-
tions of the assumption was found. In
model 1, we adjusted for age, sex, and
ethnicity. In the multivariable-adjusted
model 2, we additionally controlled for
smoking status, alcohol intake, healthy
diet score, education, average household
income, total time spent on physical activ-
ity, Townsend deprivation index, hyper-
tension, cholesterol-lowering medications,
antihypertensive medications, T2D GRS,
and the first 10 genetic principal compo-
nents. Since obesity is a strong mediator
for the association between sedentary
behavior time and T2D, adjustment for
BMI in the model constitutes statistical
overcorrection and results in underesti-
mation of the true effect of sedentary
behavior, so we did not adjust for BMI in
the main analyses.

To further explore whether the dis-
cretionary physical activity may shift the
risk of T2D induced by sedentary behav-
iors, and to what extent the risk could
be reduced, we performed isotemporal
substitution analyses to estimate the
effect of substitution of sedentary
behaviors by equal time of different
types of daily-life physical activities and
structured exercise (16). The isotemporal

substitution model estimates the effect
of replacing sedentary behavior with
each type of physical activity for the
same amount of time (16). The isotem-
poral substitution model could be
expressed as a basic proportional haz-
ards model as follows:

hðtÞ ¼ h0ðtÞexpðβ1 walking for pleasure
þ β2 light DIYþ β3 heavy DIY

þ β4 strenuous exercise

þ β5 other exercises

þ β6 total discretionary time

þ β7 covariatesÞ,

where the total discretionary time = sed-
entary behavior time 1 total physical
activity time. By virtue of eliminating the
sedentary behavior time, the coefficient
(β1) represents the effect of substituting
30 min/day sedentary behavior with 30
min/day walking for pleasure, the coeffi-
cient (β2) represents the effect of substitut-
ing 30 min/day sedentary behavior with
30 min/day light DIY, and so on (30).
For investigation of whether the associa-
tion between the sedentary behavior time
and T2D incidence was modified by the
genetic predisposition to T2D, an interac-
tion term between sedentary behavior
time and T2D GRS was included in the
above model. Furthermore, we also tested
the potential modification by age or sex.

In the sensitivity analysis, to avoid
reverse causation, we excluded the par-
ticipant who developed T2D within the
2 years of follow-up. Statistical analyses
were performed with SAS, version 9.4
(SAS Institute, Cary, NC). All P values
were two sided, and P < 0.05 was con-
sidered statistically significant.

RESULTS

Among the 475,502 study participants,
a total of 18,695 incident T2D cases
were documented during a median fol-
low-up of 11 years. Baseline characteris-
tics of the participants according to the
categories of sedentary behavior time
are presented in Table 1. Participants
with excessive sedentary behavior time
were older and had higher BMI, higher
blood pressure, and less physical activ-
ity. They were also more likely to be
male and previous or current smokers.

We found a linear dose-responsive
relationship between sedentary behav-
ior time and the risk of T2D, with no
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threshold effect (Supplementary Fig. 1
[Plinearity < 0.0001]). More sedentary
behavior time of participants was con-
sistently associated with a higher risk of
T2D across the models (Table 2). Each
SD (1 SD = 2.4 h) increase in sedentary
behavior time was associated with a
T2D HR of 1.18 (95% CI 1.16, 1.19) after
adjustment for age, race, sex, assess-
ment center, Townsend deprivation index,

smoking status, alcohol intake, education,
average household income, healthy diet
score, hypertension, total METs, cholester-
ol-lowering medications, antihypertensive
medications, the first 10 genetic principal
components, and T2D GRS. In comparisons
with participants in the lowest category
(<2 h/day), the HRs of T2D were 1.09
(95% CI 1.01, 1.18) for 2–3 h/day, 1.29
(1.19, 1.39) for 4–5 h/day, and 1.58 (1.47,

1.71) for $6 h/day, respectively (Table 2
[model 2, Ptrend < 0.001]). Further adjust-
ment for BMI attenuated the HRs to 1.03
(0.95, 1.12), 1.11 (1.03, 1.20), and 1.20
(1.11, 1.29) (data not shown). A similar
association of sedentary behavior time
with the risk of T2D was observed after
exclusion of participants who developed
T2D within the first 2 years of follow-up
(Supplementary Table 2).

Table 1—Baseline characteristics of UK Biobank participants according to hours of sedentary behavior (N = 475,502)

Sedentary behavior, h/day

<2 2–3 4–5 $6

n 37,855 140,604 165,409 131,634

Age, years 55.2 (8.1) 55.9 (8.1) 57.1 (8.0) 56.9 (8.0)

Men 12,544 (33.1) 51,326 (36.5) 74,179 (44.9) 75,646 (57.5)

BMI, kg/m2 25.4 (4.3) 26.3 (4.3) 27.4 (4.5) 28.6 (4.9)

SBP, mmHg 133.8 (19.0) 136.5 (18.8) 138.5 (18.6) 139.1 (18.3)

DBP, mmHg 80.1 (10.3) 81.4 (10.1) 82.4 (10.0) 83.4 (10.1)

Townsend deprivation index �1.0 (3.2) �1.5 (3.0) �1.6 (3.0) �1.1 (3.2)

METs 2,729.9 (2,612.2) 2,729.1 (2,652.9) 2,706.6 (2,744.5) 2,535.7 (2,765.2)

Healthy diet score 2.2 (0.9) 2.2 (0.9) 2.1 (0.9) 2.0 (0.9)

Sedentary time

TV time, h/day 0.4 (0.5) 1.8 (0.9) 2.9 (1.1) 4.0 (1.7)
PC time, h/day 0.2 (0.4) 0.4 (0.6) 0.8 (0.9) 2.0 (1.9)
Driving time, h/day 0.1 (0.3) 0.3 (0.6) 0.7 (0.8) 1.5 (1.6)

Daily-life activities, min/day 15.0 [32.0] 15.0 [31.9] 15.0 [32.1] 11.3 [28.1]

Walking for pleasure, min/day 6.3 [14.2] 6.3 [14.3] 6.0 [15.0] 3.8 [15.0]

Light DIY, min/day 0.7 [7.7] 0.8 [7.7] 0.0 [7.7] 0.0 [6.0]

Heavy DIY, min/day 0.0 [3.8] 0.0 [3.8] 0.0 [3.8] 0.0 [3.5]

Structured exercise, min/day 3.1 [15.0] 1.9 [15.0] 0.0 [14.0] 0.0 [10.0]

Strenuous sports, min/day 0.0 [0.0] 0.0 [0.0] 0.0 [0.0] 0.0 [0.0]

Other exercises, min/day 1.9 [15.0] 1.5 [14.0] 0.0 [10.0] 0.0 [7.7]

Total physical activity, min/day 27.0 [44.1] 26.3 [43.3] 24.5 [43.3] 18.8 [39.0]

Smoking

Never 23,545 (62.4) 83,495 (59.6) 90,142 (54.7) 64,085 (48.9)
Previous 10,938 (29.0) 44,627 (31.8) 58,077 (35.2) 49,592 (37.8)
Current 3,234 (8.6) 12,050 (8.6) 16,649 (10.1) 17,469 (13.3)

Alcohol intake

Daily or almost daily 8,049 (21.3) 29,655 (21.1) 34,198 (20.7) 26,455 (20.1)
3–4 times/week 8,910 (23.6) 34,579 (24.6) 39,291 (23.8) 28,844 (21.9)
1–2 times/week 8,743 (23.1) 35,733 (25.4) 43,854 (26.5) 34,739 (26.4)
1–3 times/month 3,910 (10.4) 15,353 (10.9) 18,490 (11.2) 15,036 (11.4)
Special occasions only 4,352 (11.5) 14,798 (10.5) 18,017 (10.9) 15,986 (12.2)
Never 3,827 (10.1) 10,392 (7.4) 11,467 (6.9) 10,464 (8.0)

Household income

<£18,000 5,936 (15.7) 21,938 (15.6) 31,656 (19.1) 29,928 (22.7)
£18,000–£30,999 6,722 (17.8) 29,278 (20.8) 36,877 (22.3) 29,966 (22.8)
£31,000–£51,999 8,031 (21.2) 32,676 (23.2) 37,689 (22.8) 28,735 (21.8)
£52,000–£100,000 7,966 (21.0) 28,218 (20.1) 28,124 (17.0) 20,148 (15.3)
>£100,000 3,324 (8.8) 8,204 (5.8) 6,687 (4.0) 4,358 (3.3)

Hypertension 14,871 (39.3) 64,402 (45.8) 86,341 (52.2) 73,810 (56.1)

Antihypertension medications 4,952 (13.2) 22,243 (15.9) 33,378 (20.3) 31,267 (24.0)

Cholesterol-lowering medications 3,664 (9.8) 16,825 (12.0) 27,222 (16.6) 26,359 (20.2)

Data are mean (SD), median [interquartile range], or N (%). DBP, diastolic blood pressure; PC, personal computer; SBP, systolic blood
pressure.
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In the isotemporal substitution analy-
ses, replacing 30 min/day sedentary
behaviors with an equal amount of time
of different types of activities was asso-
ciated with significantly lower risks of
T2D (Fig. 1). Replacing 30 min/day sed-
entary behaviors with an equal amount
of time of daily-life activity and struc-
tured exercise was associated with 9%
(HR 0.91 [95% CI 0.90, 0.92]) and 26%
(0.74 [0.72, 0.77]) reductions of T2D
risk, respectively. In assessment of the
specific types of physical activity, the
greatest risk reduction was found in
modeling 30 min/day reallocations from
sedentary behaviors into strenuous
sports (0.69 [0.63, 0.76]). Even replacing
30 min/day sedentary behaviors with
an equal amount of time of light DIY
(such as pruning and watering the lawn)
was associated with a 6% lower risk of
T2D (0.94 [0.92, 0.96]). Further stratified

analyses in women and men separately
showed stronger benefits among women
(Supplementary Fig. 2).

In addition, we found significant inter-
actions between sedentary behavior time
and genetic predisposition to T2D (Fig. 2
[Pinteraction = 0.0008]). For participants
within the lowest tertile of T2D GRS, the
HR for T2D was 1.21 (95% CI 1.16, 1.25)
per SD (2.4 h/day) increase in the seden-
tary behavior time, while among those
with the highest tertile of T2D GRS, the
HR for T2D was 1.17 (1.14, 1.20) after
adjustment for age, race, sex, assessment
center, Townsend deprivation index, smok-
ing, alcohol intake, total METs, education,
average household income, healthy diet
score, hypertension, cholesterol-lowering
medications, antihypertensive medications,
and the first 10 genetic principal compo-
nents.We did not observe significant mod-
ification by age or sex (data not shown).

In line with the observations of genetic
modifications, we found that the benefit
of replacing 30 min sedentary behavior
per day with an equal amount of time of
different types of activities was stronger
among those with a lower genetic predis-
position to T2D (Supplementary Table 3).
For example, replacing 30 min sedentary
behavior with an equal amount of time
of walking for pleasure was associated
with a 19% (95% CI 15, 24) risk reduction
among participants with the lowest ter-
tile of T2D-GRS, while among those with
the highest tertile of T2D-GRS there was
a 13% (95% CI 10, 16) risk reduction for
the same type of replacement.

CONCLUSIONS

In this large prospective cohort of mid-
dle-aged participants, we found a posi-
tive linear dose-responsive association
between sedentary behavior time and
the risk of T2D, with no threshold
effect. We found that replacing 30 min/
day sedentary behavior with an amount
of equal time of different types of physi-
cal activities was associated with a
6–31% lower risk of T2D, with strenuous
sports showing the strongest benefit. In
addition, we found that genetic predis-
position to T2D significantly modified
the above relationship; a stronger asso-
ciation was observed among those with
lower T2D GRS.

Our findings extend the literature
showing that sedentary behavior time is
associated with an increased risk of
T2D in a linear fashion (13–15) and add
evidence regarding the newly released
guidelines on reducing sedentary behav-
ior (5,6). A previous cross-sectional
study with objectively measured seden-
tary behavior showed that excessive

Table 2—HRs of T2D incidence according to categories of hours of sedentary behavior in the UK Biobank

Sedentary time (h/day) n cases/n total

Model 1 Model 2

HR (95% CI) P HR (95% CI) P

<2 908/37,855 1 (reference) 1 (reference)

2–3 3,749/140,604 1.08 (1.01, 1.17) 0.02 1.09 (1.01, 1.18) 0.02

4–5 6,374/165,409 1.46 (1.36, 1.56) <0.001 1.29 (1.19, 1.39) <0.001

$6 7,664/131,634 2.08 (1.94, 2.23) <0.001 1.58 (1.47, 1.71) <0.001

Per SD increase 1.31 (1.30, 1.33) <0.001 1.18 (1.16, 1.19) <0.001

Ptrend <0.001 <0.001

1 SD of sedentary behavior time = 2.4 h/day. Model 1: adjustment for age, race, sex. Model 2: model 1 adjustments plus smoking status,
alcohol intake, healthy diet score, education, average household income, total METs, Townsend deprivation index, assessment center, hyper-
tension, cholesterol-lowering medication, antihypertensive medication, T2D GRS, and the first 10 genetic principal components.

Figure 1—HRs for T2D according to isotemporal substitution of 30 min/day sedentary time with
equivalent durations of each different type of physical activity. Models have the sedentary
behavior component omitted and are adjusted for total discretionary time, time of each type of
physical activity, age, race, sex, smoking status, alcohol intake, education, average household
income, healthy diet score, Townsend deprivation index, assessment center, hypertension, cho-
lesterol-lowering medication, antihypertensive medication, T2D GRS, and the first 10 genetic
principal components.
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sedentary behavior time was indepen-
dently associated with higher fasting
insulin, HOMA of insulin resistance, and
prevalent diabetes (31). Results from a
comparably large cohort among a Chi-
nese population, the China Kadoorie
Biobank (CKB), also showed a significant
positive association between sedentary
behavior time and T2D (10). However,
an approximate log-linear relationship
was reported between sedentary behav-
ior time and T2D risk in CKB. Of note, in
CKB, the sedentary behavior time was
calculated based on time spend on TV
watching, reading, or playing card games
and did not include personal computer
use time outside of work or driving time.
Differences in the lifestyle between the
developed and developing countries, as
well as the source of the population,
may also explain the disparity.

Interestingly, our isotemporal substi-
tution analyses showed that replacing
sedentary behaviors with both daily-life
physical activities (including walking for
pleasure, light DIY, and heavy DIY) and
structured exercises (including strenu-
ous sports and other exercises) could
significantly reduce T2D risk, with light
DIY showing the minimal (6%) and
strenuous sports showing the maximal
(31%) risk reduction. Most of the previ-
ous studies failed to reflect the compet-
ing nature of different activities within a
fairly constant amount of leisure time

(10,11,14). Indeed, the limited studies
that used the substitutional analyses
were cross-sectional, with small sample
sizes and without considering different
types of physical activities (7,8,32). It
was previously reported that replacing
sedentary time (accelerometer-measured)
with moderate-to-vigorous physical activ-
ity was associated with lower diabetes
risk among older women (33). In compar-
ison with previous studies without consid-
eration of the competing nature, evidence
from the isotemporal substitution models
provides more realistic estimates of the
potential public health impact of behavioral
changes, as it includes a finite amount of
time in a day taken into account (17). The
prior evidence was extremely limited
regarding the beneficial effect of gardening
and housework with regard to T2D risk
reduction (34). Our results from a large
cohort provide supporting evidence that
replacing sedentary behavior even by light
DIY, such as pruning, watering the lawn,
gardening, and housework, could also sig-
nificantly reduce the risk of T2D. Strenuous
sports include sports that make people
sweat or breathe hard, i.e., basketball, foot-
ball, badminton, hiking, and folk dancing.
Previous studies have also shown that mod-
erate- to high-intensity physical activities
were associated with protective effects for
T2D (35). However, most of them used
METs as a measure of physical activity,
which is difficult for the general population

to estimate and may hinder the application
in daily life. Of note, using easily understood
types of daily-life activities and structured
exercises are likely to be more practicable
and feasible alternatives for replacing sed-
entary behavior time among the general
population compared with physical activities
reflected by METs.

Multiple mechanisms may account
for the benefits of replacing sedentary
behavior time with different types of
physical activities for T2D risk. It is well
documented that sedentary behaviors
are associated with obesity, dyslipide-
mia, and decreased insulin sensitivity,
which may contribute to the develop-
ment of T2D. On the other hand, previ-
ous studies have shown that increasing
physical activity could reduce blood glu-
cose by increasing GLUT-4–mediated
uptake of glucose into muscle, reducing
insulin resistance, and also stimulate fat
oxidation and storage in muscle (36,37).
Particularly, a recent study comprehen-
sively meta-analyzed 37 controlled trials
and showed that physical activity breaks
in sitting time could lead to significant
benefits in postprandial glucose and
insulin metabolism (38), which are closely
related to T2D. Furthermore, several other
metabolic responses to physical activity
may also explain the underlying mecha-
nisms, including reduction of C-peptide,
lipoproteins, adipose tissue gene expres-
sion, and molecular signaling that modu-
lates glucose metabolism (38). Our findings
suggest that substituting sedentary behavior
with structured exercise might confer stron-
ger effects in reducing T2D risk. Such obser-
vations are supported by prior evidence
that high-intensity activities are in general
related to greater improvement of cardio-
metabolic factors, such as adiposity and
lipid, than low-intensity activities (39).

For the first time, we observed a sig-
nificant interaction between sedentary
behavior time and T2D GRS for the risk
of T2D. The relationship between seden-
tary behavior time and the risk of T2D
was weaker in those with higher T2D
genetic risk than those with lower
T2D genetic risk. This finding is in line
with results from other studies such
as the Atherosclerosis Risk in Com-
munities (ARIC) study, in which the
association between physical activity
and risk of T2D was found to be
weaker in those with higher T2D
genetic risk (40). Taken together, we
speculate that although both genetic

Figure 2—Multivariate-adjusted HRs for T2D according to T2D GRS. Models were adjusted for
age, race, sex, assessment center, Townsend deprivation index, smoking, alcohol intake, educa-
tion, average household income, healthy diet score, hypertension, total METs, cholesterol-low-
ering medication, antihypertensive medication, and the first 10 genetic principal components,
according to tertile categories of T2D GRS. h/d, hours per day.
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risk and sedentary behavior are associ-
ated with increased risk of T2D, risk for
individuals who are already at a higher
genetic predisposition to T2D might be
less affected by behavior changes. Our
substitution analyses according to the
genetic risk of T2D showed greater bene-
fits of replacing sedentary behaviors with
daily-life activities and structured exercise
among those with a lower genetic predis-
position to T2D, and such observations
also supported our speculation. However,
such results do not support that genetic
effect is stronger and cannot be offset. As
shown in Fig. 2 and Supplementary Table
3, although the magnitudes were slightly
smaller, there were still substantial benefits
among individuals with high genetic risks
of T2D.
To the best of our knowledge, this is

the first large prospective study to esti-
mate the substitution effects of replac-
ing sedentary behavior with an equal
amount of time of different types of
daily-life physical activity and structured
exercises. The strengths of our study
include the large sample size and pro-
spective design. We also considered a
wide range of potential confounders
and performed the sensitivity analysis
by excluding the T2D cases developed
in the first 2 years of follow-up. More
importantly, we not only applied the iso-
temporal substitution model, to address
the practical question of how much bene-
fit could be gained by replacing sedentary
behavior with physical activities (16,17),
but also quantified the beneficial effects of
the domain-specific physical activities. We
specifically focused on five easily under-
stood types of physical activities in the lei-
sure and home domain, which were more
feasible and practical alternatives for the
general population. We acknowledge that
the current study has several potential lim-
itations. First, sedentary behaviors and
physical activity types were self-reported
and information bias is inevitable. How-
ever, the misclassification is more likely to
attenuate the association between seden-
tary behavior and T2D. The self-reported
data may not capture the full waking
period with use of the isotemporal substi-
tution model. Second, no information was
collected on sedentary bout duration or
sedentary breaks. Third, a single time
measurement for sedentary behavior and
physical activity was used in the analysis,
which did not include the changes in these
behaviors during the follow-up. Fourth, the

diagnosis of T2D may not be perfectly
accurate, as it was based on self-report
and hospital records and death registra-
tion, and there was a potential delay in
the ascertainment of incident cases (23).
Finally, we could not determine causality
due to the observational nature of the cur-
rent study.

In conclusion, our data indicate a
positive linear relation between seden-
tary behavior time and the risk of T2D,
with no threshold effect. We also pro-
vide novel evidence that replacing sed-
entary behaviors (i.e., 30 min/day) with
short-duration daily-life physical activi-
ties or structured exercise is related to
6–31% risk reductions in T2D. In addi-
tion, we found that the positive associa-
tion between sedentary behavior time
and risk of T2D was stronger among
those with a lower genetic risk of T2D.
Substituting sedentary behavior with an
equal amount of time of physical activi-
ties also showed the largest benefits
among those with lower T2D genetic
risk. Our results provide the general
population a feasible and practical alter-
native for reduction of sedentary behav-
ior time and lend further support to the
newly released guidelines on reducing
sedentary behavior time in the preven-
tion of T2D.
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