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Abstract

Purpose: This study aimed to evaluate the effectiveness of physical activity (PA) interrupting prolonged sitting (PS) on postprandial glycemia

and insulin responses among adults.

Methods: PubMed, EMBASE, Cochrane Library, Web of Science, CINAHL, PsycINFO, and the China National Knowledge Infrastructure data-

bases were searched through September 30, 2020. Randomized controlled trials (RCTs) that examined the effect of all forms of PA interrupting

PS on postprandial glycemia and/or insulin responses among adults without chronic diseases were included in this study. The risk of bias of

included studies was evaluated based on the Cochrane tool. A network meta-analysis was performed to estimate the summary standardized mean

differences (SMDs) with 95% confidence intervals (95%CIs) with random effects.

Results: Thirty crossover RCTs were included in our review. These RCTs included 9 types of interventions that interrupted PS. When compared

to PS by itself, light-intensity PA intermittent interrupting (LPA-INT) PS and moderate-intensity PA intermittent interrupting (MPA-INT) PS

significantly lowered postprandial glycemia (SMD =�0.46, 95%CI: �0.70 to �0.21; SMD =�0.69, 95%CI: �1.00 to �0.37, respectively) and

significantly reduced postprandial insulin response (SMD =�0.46, 95%CI: �0.66 to �0.26; SMD =�0.47, 95%CI: �0.77 to �0.17, respec-

tively). Results of the clustered ranking plot indicated that MPA-INT was the most effective intervention in lowering postprandial glycemia and

insulin responses.

Conclusion: Replacing PS with MPA-INT or LPA-INT has a positive effect in reducing postprandial glycemia and insulin responses, with MPA-INT

being the optimal intervention strategy.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death

worldwide.1 CVD survivors often experience a low quality of

life and high cost of medical treatment and rehabilitation,2
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which may cause great psychological and financial burden on

patients and their families. Therefore, effective early interven-

tions in the modifiable risk factors for CVD is of great signifi-

cance to clinical and public health practice. Postprandial

hyperglycemia and hyperinsulinemia are considered as indepen-

dent predictors for the development of future CVD,3�5 and thus

effective interventions to lower postprandial hyperglycemia and

hyperinsulinemia could be important for CVD prevention.

Excessive sitting time is widespread6,7 and has been shown

to be independently associated with the risk of CVD.8 Since
ting on postprandial glycemia and insulin responses: A network meta-analysis.
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observational studies have shown that interrupting prolonged

sitting (PS) is associated with better cardiovascular risk factor

profile,9 many experimental studies have assessed the effects

of interrupting PS with physical activity (PA) breaks on post-

prandial glycemia and insulin responses among various

populations.10�39 Most, if not all, studies have suggested

that interrupting PS with moderate-intensity PA (MPA) to

vigorous-intensity PA (VPA) breaks—and even light-intensity

PA (LPA) breaks—can lead to positive effects on postprandial

glycemia and/or insulin responses. Three pairwise meta-analy-

ses conducted in 2015, 2018, and 2019 synthesized the find-

ings of 6,40 20,41 and 3742experimental studies, respectively,

and concluded that interrupting PS had positive effects on

postprandial glycemia and insulin responses. For the following

reason, however, additional research, using a novel network

meta-analysis (NMA), is needed to quantitatively review and

summarize the latest literature: (1) the conclusions of previous

meta-analyses should be revisited given the increased numbers

of new publications issued since the meta-analyses were con-

ducted; (2) the optimal strategy for reducing postprandial gly-

cemia and insulin responses among the different interventions

should be identified using NMA, which allows for comparing

multiple treatments sharing one common comparator treatment

that were not directly compared with one another in head-to-head

studies;43 and (3) NMA can integrate evidence retrieved from

direct and indirect comparisons and thus has potential to improve

the precision of intervention effect estimates.43,44

Therefore, our review aims to perform an NMA to system-

atically evaluate the potential effects of various interventions

that interrupt PS with PA on the postprandial glycemia and

insulin responses among adults without chronic diseases. Iden-

tification of the effect of different characteristics of PA inter-

ventions that are optimally, or at least minimally, effective as

strategies for postprandial glycemia and insulin control will

help narrow the range of intervention strategies employed in

future research and practice.

2. Methods

This study followed the criteria of Preferred Reporting

Items for Systematic Reviews and Meta-Analyses for Network

Meta-Analyses (PRISMA-NMA).45 This NMA is registered in

the International Prospective Register of Systematic Reviews

(PROSPERO, registration number CRD42019121994).

2.1. Search strategy

The relevant randomized controlled trials (RCTs) published

in Chinese or English that assessed the effects of interrupting

PS on postprandial glycemia and insulin responses were identi-

fied by searching PubMed, EMBASE, Cochrane Library, Web

of Science, CINAHL, PsycINFO, and the China National

Knowledge Infrastructure through September 30, 2020.

Keywords used in the search strategy included “exercise”,

“standing”, “walking”, and “PA” cross-referenced to

“prolonged sitting” and “sedentary” cross-referenced to

“glucose” and “insulin” cross-referenced to “trial”,

“intervention”, and “randomized”. In addition, the same terms
were searched by using Google Scholar. Finally, the reference

list of relevant studies and reviews from these searches were

cross-checked for additional citations.

2.2. Eligibility criteria

All relevant studies were independently reviewed by three

of the co-authors (MQ, PX, and HW). Disagreements were

resolved through discussion by the group, with the addition of

a 4th author (PC). A study was included if it met the following

criteria.

(1) Study participants were adults (�18 years old) without
diagnosis of any chronic mental or physical diseases. Par-

ticipants with risk factors (e.g., elevated fasting glucose

or overweight/obesity) for chronic diseases but without

positive diagnosis for a chronic disease (e.g., diabetes or

CVD) were eligible for inclusion (The rationale for this

was to ensure that the studies were homogeneous for sta-

tistical comparisons).
(2)
 The study performed interventions on interrupting PS

time, such as standing or LPA, MPA, and VPA alone or

in combination, and included a PS control group.
(3)
 The study outcomes reported the effect of interrupting PS

on at least 1 measure of postprandial glycemia or insulin

response, such as the incremental area under the curve

(iAUC).
(4)
 If the study was conducted over consecutive days, experi-

mental data could be extracted from the 1st day.
(5)
 The study used an RCT design.
(6)
 The study was published in Chinese or English.
2.3. Data extraction and risk-of-bias assessment

Using a shared data extraction sheet, 3 reviewers (MQ, PX,

and HW) independently extracted data from the included stud-

ies. The sheet included a matrix for the following information

for each study: author, year of publication, location, study

design, participants’ ages and characteristics, detailed descrip-

tion of control and intervention groups, and outcomes of inter-

est (postprandial glycemia and insulin responses).

Three reviewers (MQ, MC, and TZ) independently assessed

the risk of bias for the included studies based on the Cochrane

handbook for systematic reviews. The following items were used

to evaluate the risk of bias for the study: (1) random sequence

generation, (2) allocation concealment, (3) blinding of partici-

pants and personnel, (4) blinding of outcome assessment, (5)

incomplete outcome data, (6) selective reporting, and (7) other

biases. Each domain was graded as high risk of bias, low risk of

bias, or unclear risk of bias. The review team (MQ, MC, TZ, and

PC) resolved any discrepancies through group discussion.

2.4. Statistical analyses

Because some studies presented the results

graphically,12,25,26,38 we extracted the data of means and

standard deviations by using ImageJ (V.1.50i; https://

https://imagej.nih.gov/ij/


Fig. 1. Study selection flow chart.
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imagej.nih.gov/ij/) to measure the length of the axes to cali-

brate and then the length of histogram.46 To ensure that the

included studies were homogeneous for comparison, only

the experimental data from the 1st day were included when

the study was conducted over consecutive days.16,18,39 The

iAUC for postprandial glycemia and insulin responses was

used for data analyses in preference to total area under the

curve, since the iAUC is recommended for evaluating dif-

ferences in post-prandial responses.47 The standardized

mean difference (SMD) with 95% confidence intervals

(95%CIs) was calculated under the effect size for the out-

comes of postprandial glycemia and insulin responses,

respectively. SMD values <0.2, 0.2�<0.5, 0.5�<0.8, and

�0.8 were categorized as trivial, small, moderate, and large

effect sizes, respectively.

A series of pairwise meta-analyses was conducted by using

the random effects model. Heterogeneity of between-study

comparisons was assessed by the I2 statistic; values of I2

<25%, 25%�<50%, 50%�<75%, and �75% were defined

as very low, low, moderate, and high degrees of heterogeneity,

respectively. p � 0.1 was considered significant in the I2 statis-

tic. Publication bias was examined by using Egger’s test, if �3
studies were available.

Random effects NMA was performed using network

family commands in STATA (Version 14.0; STATA Corp.,

College Station, TX, USA). Network geometry was first

created to visualize the relative magnitude of available evi-

dence on interrupting PS and outcomes.48 The size of each

node and the thickness of each line were proportional to

the number of participants. SMD (with 95%CI) was the

main summary outcome from the NMA. Global and local

tests were carried out for the presence of inconsistency,

while allowing for heterogeneity. The global inconsistency

test compares the fit and parsimony of consistency and

inconsistency models.49 The local inconsistency test evalu-

ates the difference between direct and indirect estimates in

all closed loops in the network.49 Node splitting was used

to evaluate the inconsistency of the model. Furthermore,

probability ranking for each intervention was carried out

using surface under cumulative ranking curve (SUCRA)

percentage values as one of the final predictions. SUCRAs

range from 0% to 100%; larger SUCRAs indicate more

effective intervention methods. A clustered ranking plot

was performed to evaluate the optimal strategy, based on

the SUCRA values of intervention methods for postpran-

dial glycemia and insulin response. Last, comparison-

adjusted funnel plots were used to assess potential publica-

tion bias.

To test the robustness of the results and examine potential

moderator variables for the primary outcomes, subgroup anal-

yses were performed according to the following variables: sex

ratio (male/female <1 or �1), age group (18�<45 years old,

45�<60 years old, or �60 years old), weight status (normal

weight or overweight/obese), geographic area (Europe, Amer-

ica, or Asia/Oceania), interval time (�20 min, 30 min, 45 min,

or 60 min), intervention duration (�2 min, 2.5‒5 min, 6‒20 min,

or �30 min), indicator type (iAUC or total area under the curve),
postprandial responses assessment methods (oral glucose toler-

ance test, mixed meal or multiple meal) and experimental period

length (<450 min or �450 min).

All analyses were performed with STATA statistical soft-

ware (STATA Corp.). A two-tailed p value of �0.05 was con-

sidered statistically significant if not otherwise specified.
3. Results

3.1. Study selection

Of the 2695 studies searched from 7 databases, 2665 were

excluded for one or more of the following reasons: (1) the

intervention did not interrupt PS time, (2) the outcomes of

interest did not include postprandial glycemia or insulin

response, (3) the study did not have an RCT design, (4) the

means and standard deviations of related outcome variables

were not reported or could not be derived, (5) participants

were under 18 years old or were diagnosed with a chronic dis-

ease, and (6) the article was not published in Chinese or

English. Finally, a total of 30 crossover RCT studies met the

inclusion criteria (Fig. 1).
3.2. Study characteristics

Among the 30 RCT studies included in the analyses, 18

RCTs had 3 arms,10�13,15,17�20,22,25,26,31�33,35,38,39 10 studies

had 2 arms,14,16,18,23,27�30,34,37 and 2 studies had 4 arms.24,36

Sixteen studies were conducted in the Europe

(53.3%),11,15,17,18,21�23,25,27�30,32,33,37,38 6 studies in the US

(20.0%),12,20,24,26,35,39 5 studies in Oceania (16.7%),10,13,14,16,31

https://imagej.nih.gov/ij/


Fig. 2. Network plots for comparisons of outcomes. Comparisons of dif-

ferent interrupting prolonged sitting interventions on postprandial (A) gly-

cemia and (B) insulin response. LPA-CON = light-intensity physical

422 M. Quan et al.
and 3 studies in Asia (10.0%).19,34,36 The participant sample

size ranged from 1015,22,24,26 to 70,13 and 365 (55.9%) of the

653 total participants were males. The mean age was 39.1 years

(range: 19.2‒70.0 years). All studies were written in English. In

addition, 29 of the 30 studies reported results on the postpran-

dial glycemia response, and 23 of 30 studies reported results on

the postprandial insulin response. Table 1 shows the characteris-

tics of the included studies.

3.3. Risk-of-bias assessment

The risk-of-bias assessment for the included studies is sum-

marized in Supplementary Table 1, with most of the studies

(n = 18, 60.0%) rated as having a low risk of bias in the domain

of random sequence generation. For the domain of allocation

concealment, 8 (26.7%) studies were at low risk of bias.

Unsurprisingly, all studies (n = 30, 100%) were graded as hav-

ing a high risk of bias for blinding of participants and person-

nel because it was impossible to blind the different

interrupting interventions. In terms of blinding of the outcome

assessment, only 2 studies (6.7%) masked their outcome asses-

sors to the treatment allocations. A low risk of bias for incom-

plete outcome data was reported for 26 studies (86.7%),

whereas a low risk of bias for selective reporting was reported

for 12 studies (40.0%). Finally, all studies (n = 30, 100%) were

classified as having an unclear risk of bias for other bias

domains.

3.4. Network plots

The network plot of eligible comparisons on postprandial

glycemia and insulin responses are shown in Fig. 2. A total of

9 types of specific interrupting PS interventions were

identified:

(1) active sitting interrupting (SitActive) (e.g., sitting on a

activity one bout of continuous interrupting; LPA-INT = light-intensity
stability ball);

physical activity intermittent interrupting; MPA-CON = moderate-intensity

physical activity one bout of continuous interrupting; MPA-INT = moder-

(2)
 standing intermittent interrupting (STA-INT);
ate-intensity physical activity intermittent interrupting; PS = prolonged sit-
(3)
ting; SitActive = active sitting interrupting (e.g., sitting on a stability ball);
standing one bout of continuous interrupting

(STA-CON);

STA-CON= standing one bout of continuous interrupting; STA-INT = standing
(4)
 LPA intermittent interrupting (LPA-INT);

intermittent interrupting; VPA-CON= vigorous-intensity physical activity one
(5)
 LPA one bout of continuous interrupting (LPA-CON);

bout of continuous interrupting; VPA-INT = vigorous-intensity physical activity

intermittent interrupting.

(6)
 MPA intermittent interrupting (MPA-INT);
(7)
 MPA one bout of continuous interrupting (MPA-CON);
(8)
 VPA intermittent interrupting (VPA-INT);
(9)
 VPA one bout of continuous interrupting (VPA-CON).
Intermittent interrupting means that PS was intermittently

interrupted by multiple PA bouts, and one bout of continuous

interrupting means that PS was interrupted by a continuous

non-stop bout of PA. All 9 interventions were observed for the

postprandial glycemia outcome; Interventions 1‒8 were

observed for the postprandial insulin outcome.

For postprandial glycemia, all 9 interrupting PS interventions

were compared directly with PS and at least one other interven-

tion. Similar comparisons were made for postprandial insulin

response; all 8 interrupting PS interventions were compared with
PS and at least one other intervention. Detailed results of pairwise

meta-analyses were indicated in the supplementary materials.

Postprandial glycemia was remarkably lower for the LPA-INT

and MPA-INT interventions compared with PS (Supplementary

Table 2). Similarly, LPA-INT and MPA-INT marginally reduced

the postprandial insulin response compared with PS (Supplemen-

tary Table 3).
3.5. The results of NMA and subgroup analyses

The results for the outcomes (using NMA for the analysis)

are presented in Fig. 3. Both LPA-INT and MPA-INT yielded



Table 1

Characteristics of 30 included studies.

Study Study Age (year) a Participants Design Arms Outcomesb

Dunstan et al. (2012)10 53.8 § 4.9 19 overweight/obese

adults, 11 males

Randomized crossover trial,

�6 days washout period
PS: 420 min

LPA-INT: sitting interrupted with 2-min bouts of light-intensity walking every 20 min

MPA-INT: sitting interrupted with 2-min bouts of moderate-intensity walking every 20 min

1, 2

Duvivier et al. (2013)11 21.0 § 2.0 18 healthy adults, 2 males Randomized crossover trial,

�10 days washout period
PS: 840 min/day

LPA-INT: sitting 480 min/day and 360 min activity breaks with 240 min of walking and 120 min of standing

VPA-INT: sitting 780 min/day and 60 min of vigorous exercise

1, 2

Newsom et al. (2013)12 28.0 § 2.0 11 obese adults, 3 males Randomized crossover trial,

�7 days washout period
PS: 480 min

LPA-CON: sitting 390 min and a single bout of exercise (»70 min, 50%VO2peak)

MPA-CON: sitting 375 min and a single bout of exercise (»55 min, 65%VO2peak)

1, 2

Peddie et al. (2013)13 25.9 § 5.3 70 normal-weight adults,

28 males

Randomized crossover trial,

�6 days (6�13) washout period

PS: 540 min

MPA-CON: sitting 510 min and a single 30-min bout of brisk walking (60%VO2max)

MPA-INT: sitting 510 min and 100-s bouts of brisk walking (60%VO2max) every 30 min

1, 2

Holmstrup et al. (2014)20 25 (18�35) 11 young obese partici-

pants with impaired glu-

cose tolerance, 8 males

Randomized crossover trial PS: 720 min

MPA-CON: sitting interrupted with a single 60-min bout of moderate-intensity exercise (60%�65%VO2max) after

breakfast

MPA-INT: sitting interrupted with 5-min bouts of moderate-intensity exercise every 60 min

1, 2

Thorp et al. (2014)14 48.2 § 7.9 23 overweight/obese

adults, 17 males

Randomized crossover trial,

7‒35 days washout period
PS: 480 min

STA-INT: sitting interrupted with 30 min of standing every 30 min

1, 2

Bailey et al. (2015)15 24.0 § 3.0 10 non-obese adults,

7 males

Randomized crossover trial,

�6 days washout period
PS: 300 min

STA-INT: sitting interrupted with 2-min bouts of standing every 20 min

LPA-INT: sitting interrupted with 2-min bouts of light-intensity walking (3.2 km/h) every 20 min

1

Larsen et al. (2015)16 56.7 § 1.5 19 overweight/obese

adults, 11 males

Randomized crossover trial

�12 days washout period
PS: 420 min

LPA-INT: sitting interrupted with 2-min bouts of walking every 20 min (3.2 km/h)

1, 2

Bailey et al. (2016)17 26.6 § 8.5 13 healthy adults, 6 males Randomized crossover trial,

�7 days washout period
PS: 300 min

LPA-INT: sitting interrupted with 2-min bouts of light-intensity walking (3.2 km/h) every 20 min

MPA-INT: sitting interrupted with 2-min bouts of moderate-intensity walking (5.8‒7.9 km/h) every 20 min

1, 2

Hansen et al. (2016)21 22 (20�23) 14 healthy, young, normal-

weight adults, 6 males

Randomized crossover trial,

�4 days washout period
PS: 150 min

LPA-INT: sitting interrupted with 2-min bouts of light-intensity walking (3.5‒4.5 km/h) every 20 min

1

Hawari et al. (2016)22 33.0 § 13.0 10 normoglycemic, over-

weight/obese males

Randomized crossover trial,

7‒14 days washout period
PS: 480 min

STA-CON: sitting interrupted with 15-min bouts of standing every 30 min

STA-INT: sitting interrupted with 10£ 1.5-min bouts of standing every 30 min

1, 2

Henson et al. (2016)18 66.6 § 4.7 22 overweight/obese, dys-

glycemic, postmenopausal

women

Randomized crossover trial,

7‒22 days washout period
PS: 450 min

STA-INT: sitting interrupted with 5-min bouts of standing every 30 min

LPA-INT: sitting interrupted with 5-min bouts of light-intensity walking every 30 min

1, 2

Miyashita et al. (2016)19 68.8 § 3.2 15 postmenopausal women Randomized crossover trial,

�7 days washout period
PS: 480 min

LPA-CON: sitting interrupted with a single 30-min bout of light-intensity walking after breakfast

LPA-INT: sitting interrupted with 1.5-min bouts of light-intensity walking every 15 min after 2 meals (20 breaks)

1, 2

Wennberg et al. (2016)23 59.7 § 8.1 19 overweight/obese

adults, 10 males

Randomized crossover trial,

6 days washout period

PS: 420 min

LPA-INT: sitting interrupted with 3-min bouts of light-intensity walking (3.2km/h) every 30 min

2

Benatti et al. (2017)39 30.1 § 8.8 14 physically inactive,

healthy adult males

Randomized crossover trial,

5‒15 days washout period
PS: 540 min

STA-INT: sitting interrupted by 15 min of standing every 30 min during the 9-h sitting period

MPA-CON: sitting interrupted with a single 30-min bout of moderate-intensity exercise (50%�55%VO2max) on

treadmill

1, 2

Bhammar et al. (2017)24 32.0 § 5.0 10 overweight/obese

adults, 5 males

Randomized crossover trial,

6‒14 days washout period
PS: 540 min

MPA-CON: sitting interrupted with a single 60-min bout of moderate-intensity walking (71% § 4% HRmax)

MPA-INT: sitting interrupted with 2-min bouts of moderate-intensity walking (53% § 5% HRmax) every 20 min; a

total of 21 breaks

VPA-INT: sitting interrupted with 2-min bouts of vigorous-intensity walking (79% § 4% HRmax) every 60 min; a

total of 8 breaks

1

(continued on next page)
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Table 1 (Continued)

Study Study Age (year) a Participants Design Arms Outcomesb

Brocklebank et al. (2017)25 52.4 § 5.1 17 middle-aged office

workers, 8 males

Randomized crossover trial,

24-h washout period

PS: 300 min

STA-INT: sitting interrupted by 2 min of standing every 20 min

LPA-INT: sitting interrupted by 2 min of light-intensity walking every 20 min

1

Kerr et al. (2017)26 66.0 § 9.0 10 sedentary, overweight or

obese postmenopausal

women

Randomized crossover trial,

�7 days washout period
Prolonged sitting: 300 min

STA-INT: sitting interrupted with 2 min of standing every 20 min, or sitting interrupted with 10 min of standing

every hour

LPA-INT: sitting interrupted by 2 min of light-intensity walking every 60 min

1, 2

McCarthy et al. (2017)27 66.0 § 6.0 13 obese adults, 6 males Randomized crossover trial,

�7 days washout period
PS: 450 min

LPA-INT: sitting interrupted with 5 min of seated arm ergometry (»3 km/h light-intensity walking) every 30 min

1, 2

Pulsford et al. (2017)38 40.2 § 12.2 25 inactive males Randomized crossover trial,

�6 days washout period
PS: 420 min

STA-INT: sitting interrupted with 2-min bouts of standing every 20 min

LPA-INT: sitting interrupted with 2-min bouts of light-intensity walking (3.2 km/h) every 20 min

1, 2

Champion et al. (2018)28 35.8 § 10.9 24 inactive adults,

12 males

Randomized crossover trial,

�6 days washout period
PS: 390 min

LPA-INT: sitting interrupted with 20 min of light-intensity walking every 60 min

1, 2

Maylor et al. (2018)31 29.0 § 9.0 14 sedentary and inactive

adults, 7 males

Randomized crossover trial,

6�35 days washout period

PS: 480 min

MPA-CON: sitting interrupted with 30 min of continuous moderate-intensity PA (60%VO2reserve) followed by PS

for the remainder of the condition

VPA-INT: sitting interrupted with 2 min 32 s bouts of high-intensity PA (85%VO2reserve) every 60 min

1, 2

Sperlich et al. (2018)29 22.0 § 2.0 12 normal-weight students,

5 males

Randomized crossover trial,

�3 days washout period
PS: 180 min

VPA-CON: sitting interrupted with a single 6-min bout of high-intensity exercise (e.g., squats, lunge, and running)

1

Altenburg et al. (2019)33 19.2 § 0.6 20 healthy-weight males Randomized crossover trial,

�6 days washout period
PS: 300 min

STA-INT: sitting with hourly 10-min standing interruptions

SitActive: sitting on a stability ball

1, 2

Chrismas et al. (2019)34 27 (21‒44) 11 sedentary obese females Randomized crossover trial,

6‒8 days washout period
PS: 300 min

MPA-INT: sitting interrupted with 3 min of moderate-intensity walking every 30 min at a speed corresponding to a

rating of perceived exertion (RPE) of 12‒14 identified during the familiarization session

1, 2

Freire et al. (2019)35 24.4 § 3.8 25 excess body fat adults,

10 males

Randomized crossover trial,

7 days washout period

PS: 600 min

MPA-INT: sitting interrupted with 5 min of moderate-intensity walking at habitual gait speed (reaching 10,000

steps) every 20 min

VPA-CON: sitting interrupted with a single 10-min bout of high-intensity exercise (running)

1

Hawari et al. (2019)30 37.0 § 16.0 14 overweight/obese

adults, 11 males

Randomized crossover trial,

1‒2 weeks washout period
PS: 390 min

LPA-INT: sitting interrupted with 30 s of 10 chair squats every 20 min

1, 2

Maylor et al. (2019)37 33.8 § 13.4 14 sedentary and inactive

females

Randomized crossover trial,

�7 days washout period
PS: 450 min

MPA-INT: sitting interrupted with 2 min of moderate-intensity treadmill physical activity every 30 min

1, 2

Ma et al. (2020)36 24.0 § 3.0 16 non-obese, inactive,

healthy adults, 7 males

Randomized crossover trial,

�7 days washout period
PS: 540 min

MPA-INT - Group 1: sitting interrupted with 3-min bouts of moderate-intensity walking (60%VO2max) every

30 min, a total of 36-min breaks

MPA-INT - Group 2: sitting interrupted with 5-min bouts of moderate-intensity walking (60%VO2max) every

45 min, a total of 45-min breaks

MPA-INT - Group 3: sitting interrupted with 8-min bouts of moderate-intensity walking (60%VO2max) every

60 min, a total of 56-min breaks

1

Yates et al. (2020)32 70 (67‒75) 60 overweight adults (30

South Asian and 30 white

European), 31 males

Randomized crossover trial,

�7 days washout period
PS: 450 min

STA-INT: sitting interrupted with 5-min standing breaks every 30 min

LPA-INT: sitting interrupted with 5-min self-paced walking breaks every 30 min

1, 2

a The mean § SD or the mean with range of age in years was reported.
b Outcome 1 stands for postprandial glycemia; Outcome 2 stands for postprandial insulin response.

Abbreviations: HR = heart rate; HRmax = maximal heart rate; LPA-CON = light-intensity physical activity one bout of continuous interrupting; LPA-INT = light-intensity physical activity intermittent interrupting; MPA-CON =moderate-inten-

sity physical activity one bout of continuous interrupting; MPA-INT =moderate-intensity physical activity intermittent interrupting; PS = prolonged sitting; SitActive = active sitting interrupting (e.g., sitting on a stability ball); STA-

CON = standing one bout of continuous interrupting; STA-INT = standing intermittent interrupting; VO2max = maximal oxygen uptake; VO2peak = peak oxygen uptake; VO2reserve = reserve oxygen uptake; VPA-CON = vigorous-intensity physical

activity one bout of continuous interrupting; VPA-INT = vigorous-intensity physical activity intermittent interrupting.
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better outcomes in reducing postprandial glycemia compared

with PS (SMD = ‒0.46, 95%CI: ‒0.70 to ‒0.21; SMD = ‒0.69,
95%CI: ‒1.00 to ‒0.37, respectively), while other types of

interruption (active sitting, standing, and VPA interruption)

did not yield significantly lower postprandial glycemia. Fur-

thermore, MPA-INT was significantly more effective than

MPA-CON, STA-INT, and VPA-INT in reducing postprandial

glycemia. Similar results were observed for insulin response.

LPA-INT and MPA-INT showed significantly better effects in

reducing postprandial insulin concentration compared to PS

(SMD = ‒0.46, 95%CI: ‒0.66 to ‒0.26; SMD = ‒0.47, 95%CI:

‒0.77 to ‒0.17, respectively). In addition, LPA-INT and MPA-

INT were more effective than STA-INT in reducing postpran-

dial insulin.

The test of global inconsistency did not show any signifi-

cant differences between the consistency and inconsistency

models for postprandial glycemia (p = 0.98) or for insulin

response (p = 0.78). The test for local inconsistency also

revealed no significant differences between direct and indi-

rect estimates in all closed loops for postprandial glycemia

and insulin responses (Supplementary Figs. 1 and 2). Simi-

larly, the test for inconsistency in the node-splitting model

indicated that all comparisons among direct and indirect

estimates were consistent for postprandial glycemia and

insulin responses (Supplementary Tables 4 and 5). Further-

more, publication bias was not evident based on the compar-

ison-adjusted funnel plot for the outcomes (Supplementary

Figs. 3 and 4).

The results of subgroup NMA for postprandial glycemia

and insulin responses were not marginally modified for most

of the comparisons (Supplementary Tables 6 and 7). It is worth

noting that LPA-INT achieved the benefit of reduced postpran-

dial glycemia for relatively older participants (�45 years of
Fig. 3. Comparisons of the effects (SMD (95%CI)) of different prolonged sitting in

network meta-analysis. Significant differences are highlighted by bold type. 95%CI

tinuous interrupting; LPA-INT = light-intensity physical activity intermittent interr

ous interrupting; MPA-INT =moderate-intensity physical activity intermittent

SMD = standardized mean difference; STA-CON = standing one bout of continuou

orous-intensity physical activity one bout of continuous interrupting; VPA-INT = vi
age) compared with relatively young participants (<45 years

of age). Similarly, LPA-INT was effective in reducing post-

prandial glycemia and insulin responses among participants

who were overweight/obese than among those whose weight

status was normal. Moreover, the results also indicated that the

2-min LPA-INT intervention strategy applied every 20�30

min significantly reduced postprandial glycemia and insulin

responses compared to the PS condition.
3.6. Ranking probability

The ranking of intervention effectiveness based on the

cumulative probability and SUCRAs are shown in Supplemen-

tary Figs. 5 and 6. For postprandial glycemia, the most effec-

tive intervention was MPA-INT (91.8%) and the least

effective intervention was VPA-INT (28.4%). For the post-

prandial insulin response, the most effective intervention was

also MPA-INT (81.5%) and the least effective intervention

was STA-INT (29.0%). In the clustered ranking plot based on

the SUCRA values of intervention methods for postprandial

glycemia and insulin response, LPA-INT was comparable to

MPA-INT and MPA-INT appeared to be the optimal interven-

tion method (Fig. 4).
4. Discussion

4.1. Summary of evidence

The purpose of this review was to evaluate, by quantita-

tively synthesizing evidence from RCTs, how different charac-

teristics of PA breaks during PS may lower postprandial

glycemia and insulin responses. In general, our findings sug-

gest that interrupting PS with MPA-INT and LPA-INT had at

least a small effect on reducing postprandial glycemia and
terruption methods on postprandial (A) glucose and (B) insulin response using

= 95% confidence interval; LPA-CON = light physical activity one bout of con-

upting; MPA-CON =moderate-intensity physical activity one bout of continu-

interrupting; PS = prolonged sitting; SitActive = active sitting interrupting;

s interrupting; STA-INT = standing intermittent interrupting; VPA-CON = vig-

gorous-intensity physical activity intermittent interrupting.
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insulin responses, with MPA-INT being the optimal interven-

tion strategy.
4.2. Comparisons with previous studies

Findings from our NMA echoed the results of 4 previous

reviews. The 1st review on the similar topic was conducted by

Benatti and Ried-Larsen,50 whose results suggested that LPA

and standing may lead to favorable changes in the postprandial

metabolic parameters (e.g., postprandial glycemia) in physi-

cally inactive and type 2 diabetes participants, whereas a

higher intensity or volume of PA seemed to present positive

outcomes in young, physically active participants. However,

because the review by Benatti and Ried-Larsen50 had a qualita-

tive design, the magnitude of the effect size on postprandial

glycemia and insulin responses brought about by interrupting

PS remained unknown.

Three other quantitative systematic reviews have filled

some of this knowledge gap.40�42 In a pairwise meta-analyses

combining the results of 6 experimental studies, Chastin and

his colleagues40 found that both LPA and MPA interrupting

PS had beneficial effects on glycemia and insulin responses.

Their results were similar to the findings of Saunders41 and

Loh,42 who conducted systematic reviews and meta-analyses

of 20 and 37 experimental studies, respectively. Notably, there

remained a large knowledge gap with respect to what is the

optimal, or at least the minimal, strategy for obtaining positive

outcomes from various interrupting PS interventions (i.e., mul-

tiple combinations by type and intensity). Therefore, the NMA

performed in our study makes robust contributions to the liter-

ature beyond the previous findings by quantitatively estimating
Fig. 4. Clustered ranking plot based on the SUCRA values of intervention

methods for postprandial glycemia and insulin response. Intervention methods

appearing in the upper right corner are more effective than the other interven-

tions. LPA-CON = light-intensity physical activity one bout of continuous

interrupting; LPA-INT = light-intensity physical activity intermittent interrupt-

ing; MPA-CON =moderate-intensity physical activity one bout of continuous

interrupting; MPA-INT =moderate-intensity physical activity intermittent

interrupting; PS = prolonged sitting; SitActive = active sitting interrupting

(e.g., sitting on a stability ball); STA-CON = standing one bout of continuous

interrupting; STA-INT = standing intermittent interrupting; SUCRA = surface

under cumulative ranking curve; VPA-INT = vigorous-intensity physical

activity intermittent interrupting.
the effects from 30 RCTs. It provides details on which of the

several PS interruption approaches is optimal for lowering

postprandial glycemia and insulin responses, thus providing

additional information and valuable contributions to this field

of research.
4.3. Optimal strategies among different types of interventions

for postprandial glycemic and insulin responses

Empirical evidence suggests that PS interruption is associ-

ated with more favorable changes in glycemia and insulin

metabolism than the changes occurring with uninterrupted

PS.40�42,50 However, the most effective approach regarding

the intensity and frequency of PA breaks for reducing post-

prandial glycemia and insulin responses has remained largely

unexplored.

A number of studies have shown that increased PA has a

significantly positive effect in lowering postprandial glycemia

and insulin responses compared to PS.40�42,50 Also, the char-

acteristics of PA interventions, such as the intensity of PA

interruptions, have potential to moderate the effects of post-

prandial glycemia and insulin responses. For example, when

the dose of PA is identical, a higher-intensity intervention is

more likely to yield better results in reducing postprandial

glycemia15,17,38 and insulin responses38 compared to PS. How-

ever, since energy expenditure was not comparable in most of

the cited studies, it was difficult to draw a clear conclusion

about whether the positive effects of interrupting PS with dif-

ferent intensities of PA are due to reduced sitting time or to

increased energy expenditure. This question prompted

researchers to study the comparative energy expenditures

among the different interventions.

When energy expenditures were matched, the reduction in

sitting time caused by standing and light-intensity walking

interventions improved insulin sensitivity in healthy sedentary

participants to a greater extent than did structured MPA to

VPA.11 This finding was replicated with participants with

type 2 diabetes.51 Collectively, these results suggest that the

magnitude of glycemia control and insulin sensitivity brought

about by reducing sitting time may be more pronounced than

the magnitude achieved by increasing exercise during interrup-

tions in sitting.

Furthermore, intermittent interruptions in PS appeared to

have more favorable outcomes in reducing postprandial glyce-

mia and insulin responses compared to one bout of continuous

interrupting. When the exercise intensity and energy expendi-

tures were comparable, MPA-INT was more effective than

MPA-CON.13,20 This indicates that interventions with multiple

activity breaks are more effective in lowering postprandial gly-

cemia and insulin responses than an equivalent amount of con-

tinuous PA. Therefore, based on the present evidence, reducing

the amount of PS through multiple PA breaks may be key to

postprandial hyperglycemia and hyperinsulinemia control.

The above notion is also supported by findings in our study,

which indicate that interventions with multiple PA breaks,

including MPA-INT and LPA-INT, yield significant effects in

reducing postprandial glycemia and insulin responses when
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compared to PS. Also, in our review MPA-INT was more

effective than MPA-CON in postprandial glycemia responses,

which was consistent with the results when energy expendi-

tures were matched in Loh et al.’s42 systematic review and

meta-analysis. Moreover, in our study, although MPA-INT

was the optimal strategy based on the SUCRAs, the effect

sizes between MPA-INT and LPA-INT on postprandial glyce-

mia and insulin responses were not significantly different. Fur-

thermore, our findings from the subgroup analyses showed

that even interrupting PS with 2 min of LPA-INT every

20‒30 min had a significant effect on postprandial glycemia

and insulin responses. This finding has important clinical rele-

vance for those in need of postprandial hyperglycemia and

hyperinsulinemia control, including those who are overweight/

obese or older persons who may be less inclined to engage in

structured and more intense PA.

Also, we were surprised that beneficial results were not

observed for VPA-INT, which has a higher intensity than

MPA-INT and LPA-INT. This finding may have 2 explana-

tions. First, only 3 studies involving VPA-INT were included

in our review, while 17 interventions employed LPA-INT and

11 interventions employed MPA-INT. This suggests that more

research is needed to identify the effects of VPA-INT on post-

prandial glycemia and insulin responses. Second, a longer

time interval is needed for VPA-INT than for lower-intensity

interrupting exercises. Interventions in most of the studies

with beneficial findings involved PS interrupted with 2‒3 min

of MPA or LPA every 20‒30 min, while the interval for each

2�3-min bout of VPA interrupting PS was 60 min. This short

duration of VPA following a longer sitting interval may not be

sufficiently frequent to upregulate the physiological mecha-

nisms responsible for glucose utilization.52

4.4. Potential mechanisms

Several potential mechanisms for lowering postprandial

glycemia have been proposed: (1) activity breaks activate the

signaling pathway caused by muscle contraction, which leads

to an increase in the expression of the muscle glucose trans-

porter 4 (GLUT4) protein and mRNA, thereby enhancing glu-

cose uptake (which is independent of the insulin effect),53 (2)

activity breaks increase the activity of glycogen synthase and

hexokinase, which are related to improvements in insulin sen-

sitivity,54 (3) activity breaks improve the capacity of fat oxida-

tion55 and reduce the concentration of intracellular

diacylglycerol and ceramide, which may enhance insulin sen-

sitivity,56,57 and (4) activity breaks change the fatty acid com-

position of phospholipids in skeletal muscle, which can

influence insulin sensitivity.58

4.5. Strengths and limitations

Our review has several strengths. First, to the best of our

knowledge, our review is the first to use NMA to quantitatively

compare the effectiveness of different PA interventions on

postprandial glycemia and insulin responses. This design can

provide indirect comparisons of interventions and can suggest

the optimal intervention among multiple interventions tested.
Second, all studies included in our review were RCTs, which

provide more convincing evidence that causal relationships

can be drawn between PS interruption and postprandial glyce-

mia and insulin responses. Third, our findings are strengthened

by both pairwise analyses and NMAs, and further strengthened

by subgroup analyses.

Several limitations, however, should be noted. First, the

methods for assessing postprandial responses and the charac-

teristics of interventions (e.g., duration, interval, and length of

the experimental period) varied across the included studies.

These differences might have generated heterogeneity and

lowered the precision of the overall effect estimation. How-

ever, subgroup analyses indicated that the findings in our study

were not materially modified by the methods used for assess-

ing postprandial responses and the characteristics of interven-

tions. Second, some comparisons are limited by the number of

included studies, which may lead to difficulty in identifying

the true effect of interventions on study outcomes.59 Also,

there were not enough studies to enable us to compare the

effects of interrupting PS with different modalities of PA

breaks on postprandial glycemia and insulin responses. How-

ever, our review has incorporated the findings from the latest

and most comprehensive literature. Third, publication bias

caused by our exclusion of studies published in languages

other than English and Chinese cannot be completely elimi-

nated, although comparison-adjusted funnel plots did not indi-

cate publication bias.
4.6. Implications and future research

The findings in our review provide robust evidence that

interrupting PS time plays an important role in reducing post-

prandial glycemia and insulin responses, which sheds new

light on postprandial glycemia and insulin control. The find-

ings indicate that individuals should interrupt PS with at least

a 2-min activity break every 20‒30 min, with the goal of

reducing the risk of chronic diseases (e.g., CVD and type 2

diabetes) associated with elevated postprandial glycemia and

insulin response. Furthermore, we advocate for future studies

that address several important issues. First, the findings of our

study should be confirmed among CVD and diabetes patients.

These patients need postprandial glycemia control; but thus

far, published studies are limited in these populations. Second,

in addition to postprandial glycemia and insulin responses,

other cardiometabolic health outcomes (e.g., blood pressure)

should be examined in order to provide clinical settings with

empirical evidence on postprandial glycemia control that sup-

ports the interruption of PS with activity breaks.
5. Conclusion

The findings of this comprehensive review suggest that

interrupting PS with a PA break is an effective intervention for

postprandial glycemia and insulin responses. Furthermore,

LPA-INT may be considered as a preferred option for those

who are overweight/obese or who are �45 years of age. Addi-

tionally, MPA-INT should be considered as an optimal
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intervention during PS for individuals with normal weight or

who are <45 years of age.
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