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Abstract

Aims: To investigate how a change in body position with light-intensity physical

activity (PA) ‘snacks’ (LIPAS, alternate sitting and standing, walking or standing con-

tinuously) compared with uninterrupted prolonged sitting affects glucose metabolism

and heart rate variability (HRV) parameters in young adults with overweight and

obesity.

Materials and Methods: We conducted a four-arm randomized controlled crossover

trial. The following conditions were tested during an 8-h simulated workday: uninter-

rupted prolonged sitting (SIT), alternate sitting and standing (SIT-STAND; 2.5 h total),

continuous standing (STAND), and continuous walking (1.0 mph; WALK). The primary

outcome was to investigate how a change in body position (alternate sitting and

standing, walking or standing continuously) compared with uninterrupted sitting

affects mean 8-h glucose metabolism. Secondary outcomes included the effects on

2-h postprandial glucose concentrations, as well as on 8-h/24-h heart rate and HRV

parameters, in the respective study arms. Capillary blood samples were drawn from

an hyperemised earlobe in the fasted state and once every hour during each trial

intervention by puncturing the earlobe with a lancet and collecting 20 μL of blood

(Biosen S-Line Lab+; EKF diagnostics, Barleben, Germany). HRV was assessed for

24 h including the 8-h intervention phase, and a home phase by means of a Holter
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electrocardiogram. All participants received the same standardized non-relativised

breakfast and lunch during the four trial visits.

Results: Seventeen individuals (eight women, mean age 23.4 ± 3.3 years, body mass

index 29.7 ± 3.8 kg/m2, glycated haemoglobin level 34.8 ± 3.1 mmol/mol [5.4

± 0.3%], body fat 31.8 ± 8.2%) completed all four trial arms. Compared with SIT

(89.4 ± 6.8 mg/dL), 8-h mean glucose was lower in all other conditions (p < 0.05) and

this was statistically significant compared with WALK (86.3 ± 5.2 mg/dL; p = 0.034).

Two-hour postprandial glucose after breakfast was approximately 7% lower for

WALK compared with SIT (p = 0.002). Furthermore, significant time � condition

effects on HRV parameters favouring light-intensity walking were observed

(p < 0.001).

Conclusions: Replacement and interruption of prolonged sitting with light-intensity

walking showed a significant blood glucose-lowering effect and improved HRV during

an 8-h work environment in young adults with overweight and obesity.
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1 | INTRODUCTION

Sedentary behaviour, defined as any waking behaviour characterized

by an energy expenditure ≤1.5 metabolic equivalents of task (METs),

while in a sitting, lying or reclining posture,1 and the absence of physi-

cal activity (PA) are behaviours that have increasingly shaped life in

various environments.2,3 Sedentary behaviour has steadily increased

due to changes in physical, social and economic-environmental condi-

tions, and has also been amplified by the COVID-19 pandemic.4–6

Recently, studies have highlighted that young adults seem to be at

high risk of uninterrupted, prolonged sitting times,7,8 and regular pro-

longed sedentary behaviour has been identified as an independent

risk factor for increased mortality in general and specifically for car-

diovascular disease and cancer incidence, as well as type 2 diabetes

(T2D) and obesity.9–11

Studies have demonstrated that prolonged sitting has detrimental

effects on glucose metabolism, endogenous insulin, and vascular

function.12–14 Experimental trials have shown that breaking periods of

prolonged sedentary behaviour with light-intensity PA ‘snacks’
(LIPAS) may attenuate adverse metabolic responses in physically inac-

tive people and individuals with T2D.15–23 Although interrupting sit-

ting with bouts of PA in a wide variety of settings can improve

glucose metabolism, studies do not issue entirely precise recommen-

dations, which is mostly attributable to limitations and heterogeneity

of study populations.24

Besides adverse glycaemic responses, cardiac-autonomic dysre-

gulation is also linked to certain cardiovascular disease risk factors,

such as hypertension and diabetes.25 Autonomic cardiac modulation

is commonly evaluated by measuring heart rate variability (HRV).26

HRV analysis can be used to determine the autonomic regulatory

capacity, and it is suitable as an integrative parameter for

cardiovascular risk assessment and health prognosis. Reduced HRV

leads to an increased risk of mortality,27 and factors such as age, gen-

der, posture, overweight and obesity, autonomic regulation due to PA,

and diabetes may alter HRV parameters.26,28 Though prolonged sit-

ting exposure may increase the risk of various health outcomes, the

involvement of cardiometabolic maladaptation is still not fully

understood.

To the best of our knowledge, no study has investigated the

interaction between sedentary behaviour, glucose metabolism, and

cardiac-autonomic regulation in the high-risk population of young

adults with overweight and obesity. Therefore, we aimed to investi-

gate how a change in body position (alternate sitting and standing,

walking or standing continuously) compared with uninterrupted pro-

longed sitting affects mean 8-h glucose metabolism, 2-h postprandial

glucose concentration, and 8-h/24-h heart rate (HR) and HRV during

an 8-h simulated working condition in young adults with overweight

and obesity.

2 | MATERIALS AND METHODS

2.1 | Study design

The SED-ACT (Influence of SEDentary behaviour and physical ACTiv-

ity on inflammatory and physiological processes in the human body)

study was a single-centre, prospective, randomized controlled four-

arm crossover trial. The study protocol was approved by the local

ethics committee of the University of Bayreuth (Bayreuth, Germany)

with the processing number 22-037 and was registered at the German

Clinical Trial Register (DRKS00031425). This trial was conducted in

accordance with the principles of the declaration of Helsinki and
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Good Clinical Practice. Before any trial-related examinations were

performed, potential participants were informed about the study pro-

tocol and gave their written informed consent to participate in this

trial.

2.2 | Eligibility criteria

The participants were recruited via notices (digital and paper form;

also, in lectures), via the homepages of several organizational units of

the University of Bayreuth, via face-to-face approach and via social

networks. Positive ethics approval was received on 13 December

2022 and the recruitment process started on 13 February 2023 dur-

ing the winter semester 2023/2024. After successful recruitment, the

study participants were invited to a joint preparation meeting approxi-

mately 1 week prior to the initial screening examination, where an

investigator assessed the following eligibility criteria: age range

between 18 and 29 years (inclusive), and being overweight or obese

according to the World Health Organization classification (body mass

index [BMI] > 25.0 kg/m2; the study team reserved the right to

exclude individuals with a BMI >25 kg/m2 whose classification was

due to increased muscle mass and no apparent overweight; however,

none of the participants were excluded for this reason). Individuals

were excluded if they were already enrolled in a different study, had

acute infection due to COVID-19, or had serious acute/chronic ill-

nesses that precluded participation in the study in the judgement of

the study medical team. The first patient visit took place on

20 March 2023.

2.3 | Study design

After enrolment in the study, participants were randomized (1:1:1:1)

to the order of simulated work conditions by a researcher who was

not further involved in the study, using Research Randomizer® 4.0

(Social Psychology Network, Lancaster, PA, USA).29 Participants

received ascending numbers, took part in an initial screening examina-

tion, and completed four 8-h simulated work and learning conditions

in random order: (1) prolonged sitting (SIT); (2) sitting interrupted with

standing (SIT-STAND); (3) continuous standing (STAND); and (4) con-

tinuous walking (WALK). After a 1-week washout, participants

crossed over to the other trial arms. The initial screening visit and

each trial intervention took place at our medical research laboratory

at the Bayreuth Center of Sport Science (BaySpo) of the University of

Bayreuth.

2.4 | Screening visit

The screening visit included a bioelectrical impedance analysis (Inbody

720, Inbody Co., Seoul, Republic of Korea), an overnight fasted oral

glucose tolerance test (OGTT) and assessment of glycated haemoglo-

bin (HbA1c) levels to verify whether the participants’ glucose

metabolism was impaired. HbA1c values below 39 mmol/mol (5.7%)

were considered normal, while values of 39 to <48 mmol/mol (5.7 to

<6.5%) were considered as borderline and values of ≥48 mmol/mol

(≥6.5%) led to classification of T2D.30

2.5 | Trial visits

Prior to each trial visit, participants were required to fast for at least

12 h and refrain from any strenuous PA for at least 24 h. In addition,

we informed the study participants that they were required to always

eat the same meal the evening before each trial visit. To this end, we

discussed appropriate examples of evening meals with the partici-

pants. The type of meal was left free, but participants were aiming to

consume approximately 1 g/kg body weight of carbohydrates. At the

beginning of each trial visit, participants were asked if they had con-

sumed the same type of meal and amount as that consumed at the

previous visits. All the participants confirmed that this was achieved.

For all trial days, all participants received the same standardized non-

relativised breakfast (421.9 ± 11.0 kcal, 9.1 ± 2.2 g fat, 2.4 ± 1.4 g sat-

urated fatty acids, 68.9 ± 7.1 g carbohydrates, 25.3 ± 10.1 g sugars,

11.8 ± 4.1 g fibre, 11.4 ± 2.7 g protein, 0.40 ± 0.37 g salt) and lunch

(550.7 ± 93.7 kcal, 21.6 ± 13.3 g fat, 7.5 ± 7.5 g saturated fatty acids,

65.9 ± 11.7 g carbohydrates, 13.1 ± 11.9 g sugars, 8.7 ± 3.3 g fibre,

19.8 ± 4.4 g protein, 3.28 ± 0.67 g salt). For breakfast, all the partici-

pants received the same standardized meal, however, for the lunch

they were allowed to choose between two different meals. Each per-

son then consumed the same meal at each trial visit. Breakfast and

lunch were consumed between 8.30 and 9.00 AM and 12.00

and 12.30 PM, respectively. Both meals were brought and served

directly to the participants, so that they were able to continue per-

forming the respective activity type. Participants were asked to con-

sume each meal within 15 min. Participants were allowed to drink

water and sugar-free drinks during the intervention phase; however,

during the trial visits, none of the participants consumed any sugar-

free drinks. During the 8-h intervention period, participants might

have been reading, watching movies, working, studying at their com-

puter, or performing similar activities in the respective settings.

During SIT, participants remained seated for an 8-h period, but

were allowed to use the toilet at the following times: before 08.30 AM,

between 10.00 and 10.30 AM, during lunch time (12.00–12.30 PM) and

between 15.00 and 16.00 PM, while no other PA was permitted.

During STAND, participants were required to stand continuously

at a standing work desk (using a height-adjustable office desk; Aeris®

Active Office, Germany). Toilet times were the same as those in the

SIT condition. No other PA was permitted.

During SIT-STAND, participants were asked to change from sit-

ting to standing at the same height-adjustable work desk (Aeris®

Active Office) for a predetermined time each hour at progressively

longer intervals throughout the day, as follows: for 10 min at 9:20 AM

and 10:20 AM, for 15 min at 11:30 AM and during lunch time (12:00–

12:30 PM), for 20 min at 1:40 and 2:20 PM, and for 30 min at 3.00 and

4.00 PM. This resulted in an accumulated standing time of 2.5 h per

HOFFMANN ET AL. 3851
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day and was based on previous work on the effects of standing, alter-

nating bouts of sitting and standing, and light-intensity walking on

24-h glucose, ambulatory blood pressure, and musculoskeletal dis-

comfort.17,31–33

During WALK, participants were required to work at a normal

treadmill with a special shelf for books, tablets, and computers

(LifeFitness Platinum Series; Life Fitness Europe, Unterschleißheim,

Germany) in a slow walking activity (1.0 mph). Exceptions to visit the

toilet were made at the same times as in the SIT condition.

2.6 | Outcomes

The primary outcome was to investigate how a change in body posi-

tion (alternate sitting and standing, walking or standing continuously)

compared to uninterrupted sitting affects mean 8-h glucose metabo-

lism. Secondary outcomes included the effects on 2-h postprandial

glucose concentration. Capillary blood samples were drawn from a

hyperemised earlobe in the fasted state (t0) and once every hour dur-

ing each trial intervention (t1–t8) to analyse 8-h glucose profile. This

was conducted by puncturing the earlobe with a lancet and collecting

20 μL of capillary blood. Glucose/lactate haemolysing solution (1 mL)

was used immediately to dissolve blood samples (Sodium [Na+] hepa-

rinized) and blood glucose levels were measured within 2 h (Biosen

S-Line Lab+; EKF diagnostics, Barleben, Germany).

Additional secondary outcomes included the effects on 8-h/24-h

HR and HRV parameters in the respective study arms. The long-term

recording of HR and HRV was performed over 24-h via a one-channel

Holter electrocardiogram (ECG), with a 500-Hz sampling rate (Faros

180, Bittium, Oulu, Finland). In the time domain analysis, the following

standard HRV measures were evaluated: standard deviation of R-R-

intervals (SDNN), square root of the mean standard difference of suc-

cessive R-R intervals (RMSSD) as well as analysis of low frequency

(LF) and high frequency (HF) and their respective ratio (LF/HF).34,35

Because of skewed distributions, a natural logarithmic transformation

was applied for frequency domain variables. The continuously recorded

HRV data were divided into three daytime periods to provide more

clarity and to avoid artefacts during breakfast and lunch: the morning

hours, between 9:00 and 11:00 AM; in the afternoon, between 1:00 and

3:00 PM; and in the night during the resting sleep phase of each partici-

pant. Data from the ECG, the three-dimensional acceleration sensor,

and the activity log were analysed to assess sleep quality by determin-

ing a resting state index. A detailed description of the calculations for

the restful sleep analysis has been published elsewhere.36 HR and HRV

were assessed according to the guidelines of the Task Force of the

European Society of Cardiology and the recommendations of the North

American Society of Pacing and Electrophysiology (NASPE).37

2.7 | Statistical analyses

Data were tested for normal distribution using the Shapiro–Wilk test.

Data are presented according to their distribution type as arithmetic

mean ± standard deviation, mean (95% confidence interval). For nor-

mally distributed outcomes, repeated-measures one-way analysis of

variance or mixed models were conducted with Tukey's test for multi-

ple comparisons between conditions. For data that were not normally

distributed, a nonparametric test (Friedman test) with Dunn's multiple

comparison test was applied. Analysis of the experimental 8-h blood

glucose values and HRV data was performed by fitting a mixed-effects

model to test for differences between the experimental conditions. As

a single participant provided data for all four conditions, the two fac-

tors ‘timepoint’ and ‘study condition’ were defined as repeated mea-

sures. All data were calculated using a mixed-effects model with

Greenhouse–Geisser correction. Data were analysed using GraphPad

Prism Software version 8.0.2 (GraphPad, San Jose, CA, USA). Non-

parametric tests were performed when necessary. For within-

condition comparisons, statistical significance was accepted at

p < 0.05 (two-tailed). Sample size estimation was conducted via

G-power (3.1.9.7, HHU-Düsseldorf, Germany) for mean glucose from

a comparable study by Crespo et al.,17 which led to a power of 0.80

for n = 14 per trial arm.

3 | RESULTS

As shown in the CONSORT flow diagram38 (Figure 1), of 47 people

screened, 19 consented and were randomized, after 28 participants

were withdrawn for not meeting the eligibility criteria. Among those

randomized, two withdrew from the study during the first interven-

tion because they were unwilling to participate further. A total of

17 young adults with overweight and obesity (eight women, age 23.4

± 3.3 years, BMI 29.7 ± 3.8 kg/m2, body fat 31.8 ± 8.2%, segmental

lean mass 34.9 ± 8.7 kg, visceral fat area 119.2 ± 33.9 cm2; Table 1)

completed the initial examination and all four study arms.

3.1 | Glycaemia

Results of the OGTT show that the fasting blood glucose levels of all

participants were below 5.6 mmol/L (100 mg/dL) and below

12.2 mmol/L (220 mg/dL) 2 h post-OGTT. No blood glucose levels

exceeded 11.1 mmol/L (200 mg/dL) throughout the entire OGTT.39

Participants had an average HbA1c value of 34.8 ± 3.2 mmol/mol

(5.4 ± 0.3%). Based on the OGTT, none of the participants were classi-

fied as having a diagnosis of T2D.

3.2 | Glycaemia over the 8-h simulated working
periods

The glucose profiles during the simulated working periods are given in

Figure 2. The first initial increase in postprandial glucose response at

timepoint 1 (t1) after breakfast was 4% –12% higher for SIT (117.9

± 13.2 mg/dL; 6.5 ± 0.7 mmol/L) compared with all other conditions,

and reached statistical significance compared with WALK (5.7

3852 HOFFMANN ET AL.
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± 0.7 mmol/L [103.3 ± 13.2 mg/dL]; p = 0.002) but not with STAND

(6.3 ± 0.7 mmol/L [113.2 ± 13.4 mg/dL]; p = 0.606) or SIT-STAND

(6.0 ± 1.0 mmol/L [109.0 ± 17.8 mg/dL]; p = 0.372). However, there

was also a significant difference between STAND (6.3 ± 0.7 mmol/L

[113.2 ± 13.4 mg/dL]) and WALK (5.7 ± 0.7 mmol/L [103.3

± 13.2 mg/dL]; p = 0.021).

There was a significant main effect for 8-h mean glucose

(p = 0.034) and 2-h postprandial mean glucose for breakfast

(p = 0.019), but not for the period after lunch (p = 0.124). The 8-h

mean glucose was lower for STAND, SIT-STAND and WALK com-

pared with SIT (Figure 3A–C and Table 2). The mean glucose level

for WALK (4.8 ± 0.3 mmol/L [86.3 ± 5.2 mg/dL]) was significantly

lower than for SIT (5.0 ± 0.4 mmol/L [89.4 ± 6.8 mg/dL];

p = 0.033). Two-hour postprandial mean glucose after breakfast

was approximately 7% lower for WALK (4.9 ± 0.5 mmol/L [88.5

± 8.6 mg/dL]) compared with SIT (5.3 ± 0.5 mmol/L [95.3 ± 9.2 mg/

dL]; p = 0.002).

3.3 | HRV parameters

Significant time � condition effects (F(6,84) = 18.70, p < 0.001) for the

HR assessment were found across the four conditions (Table 3 and

Figure 3D–F). Post hoc analyses showed significant differences in HR

behaviour during the morning between the conditions SIT (69.4

± 9.8 bpm) and STAND (80.6 ± 13.3 bpm; p < 0.001), between SIT

and WALK (85.9 ± 13.0 bpm; p < 0.001) and between SIT-STAND

(72.6 ± 11.4 bpm) and STAND (80.6 ± 13.3 bpm; p = 0.005) as well as

between SIT-STAND and WALK (85.9 ± 13.0 bpm; p < 0.001). In the

afternoon, significant differences between SIT (70.4 ± 8.2 bpm) and

Individuals screened for eligibility  

 (via notices, flyer, newsletters, and media) (n = 47) 

Excluded 

26 not meeting the inclusion criteria  

2 withdrawn before randomization

Participants consented and randomized to the four trial 

arms in a crossover setting (n = 19) 

Allocated to 

condition SIT 

(n = 19) 

Allocated to 

condition SIT-

STAND (n = 19) 

Allocated to 

condition STAND 

(n = 19) 

Allocated to 

condition WALK 

(n = 19) 

7 days washout phase and re-randomization to the four conditions 

18 Received 

allocated condition 

SIT 

1 withdrew a

18 Received 

allocated condition 

SIT-STAND 

1 withdrew a

17 Received 

allocated condition 

STAND 

2 withdrew a

17 Received 

allocated condition 

WALK 

2 withdrew a

SIT (n = 17) SIT-STAND (n = 17) STAND (n = 17) WALK (n = 17) 

7 days washout phase and re-randomization to the four conditions 

SIT (n = 17) SIT-STAND (n = 17) STAND (n = 17) WALK (n = 17) 

7 days washout phase and re-randomization to the four conditions 

SIT (n = 17) SIT-STAND (n = 17) STAND (n = 17) WALK (n = 17) 

F IGURE 1 Participant flow chart.
aUnwilling to participate: too busy,
could not commit, did not want to
participate. SIT, continuous sitting;
SIT-STAND, sitting interrupted with
standing; STAND, continuous standing
WALK, continuous walking.
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STAND (77.8 ± 15.1 bpm; p = 0.039), between SIT and WALK (87.2

± 13.9 bpm; p < 0.001), between SIT-STAND and WALK (72.5

± 10.4 bpm vs. 87.2 ± 13.9 bpm; p < 0.001), and between STAND and

WALK (70.4 ± 8.2 bpm vs. 87.2 ± 13.9 bpm; p = 0.001) were

observed, while no relevant differences during the night between con-

ditions could be elucidated (Figure 3D).

For SDNN no significant time effects (F(2,28)=0.13, p = 0.793)

were provided, but for condition (F(3,42)=26.41, p < 0.001), and for

time � condition, significant effects were observed (F(6,84) = 12.16,

p < 0.001). In the morning SDNN was higher in the SIT condition

(87.8 ± 33.9 ms) compared with WALK (47.5 ± 19.0 ms; p < 0.001)

and significant differences between WALK (47.5 ± 19.0 ms) and SIT-

STAND (85.6 ± 32.7 ms; p < 0.001), and STAND (71.7 ± 29.2 ms;

p < 0.001) were observed. In the afternoon, we found the same

behaviour compared to the morning hours referring to the relation-

ship between the sympathetic and parasympathetic regulation

(Figure 3E; Table 3). There were no significant differences in SDNN

between conditions during the night. An overview of the overall

results of the frequency domain as well as the ratio LF/HF is also pre-

sented in Table 3. Significant differences were found for HF in the

morning between SIT (6.7 ± 1.1 ms2) and STAND (5.6 ± 1.2 ms2;

p = 0.007) and WALK (5.0 ± 1.0 ms2; p < 0.001) as well as between

SIT-STAND (6.4 ± 1.1 ms2) and STAND (5.6 ± 1.2 ms2; p = 0.019)

and WALK (5.0 ± 1.0 ms2; p < 0.001). During the afternoon, signifi-

cant differences were observed between WALK (4.9 ± 1.1 ms2) and

STAND (5.9 ± 1.3 ms2; p = 0.028) and SIT-STAND (6.2 ± 0.8 ms2;

p < 0.001) and SIT (6.6 ± 0.9 ms2; p < 0.001). During the nighttime,

significant differences were found between the SIT (6.8 ± 0.7 ms2)

and STAND (7.1 ± 0.8 ms2; p < 0.001) conditions (Figure 3F).

4 | DISCUSSION

To our knowledge, this is the first study to evaluate the effects of

reducing uninterrupted prolonged sitting with a change in body posi-

tion through different LIPAS (alternate sitting and standing, walking or

standing continuously) during a simulated workday on 8-h mean glu-

cose, first initial postprandial glucose response after breakfast, 2-h

postprandial glucose, and HRV measurements in normoglycaemic

young adults with overweight and obesity. Compared with SIT, results

regarding the primary outcome show that 8-h mean glucose was

reduced by approximately 1%–3% for the other conditions, and the

first initial postprandial glucose response immediately at t1 after

breakfast was approximately 12% lower for WALK. Various

studies,16–21,31–33 and several systematic reviews or meta-analy-

sis12,24,40 have investigated the effects of different types of regular

active breaks on certain glucose and cardiometabolic parameters com-

pared with prolonged sitting.41 Our study showed that even continu-

ous light-intensity slow walking significantly reduces 8-h mean

glucose. Other findings also suggest that light-intensity walking repre-

sents a superior PA break compared to standing breaks.39 This might

underpin our results that continuous standing for 8 h showed no sig-

nificant effect on mean glucose compared with prolonged sitting, sup-

posedly due to low muscle activity.6

Regarding our secondary outcome, 2-h postprandial glucose was

reduced by approximately 2%–7% for SIT-STAND, STAND and

WALK, respectively. These observed slight reductions may be clini-

cally relevant, as it is reported that even small reductions in postpran-

dial glucose levels from approximately 0.2 to 1.1 mmol/L are

associated with less coronary stenosis in individuals with normal glu-

cose tolerance,42 and multiple postprandial glucose spikes have been

identified to promote the development of atherosclerosis and cardio-

vascular disorders.43

Our results are in line with those of various

studies,12,16,20,21,33,40,44 showing that the first initial postprandial

TABLE 1 Participants' anthropometric characteristics.

Characteristic (n = 17)

Females, n (%) 8 (47.1)

Age, years 23.4 ± 3.3

Height, cm 173.8 ± 12.1

Weight, kg 90.1 ± 18.3

BMI, kg/m2 29.7 ± 3.8

Body fat mass, kg 29.2 ± 10.2

Body fat percentage, % 31.8 ± 8.2

Skeletal muscle mass, kg 34.9 ± 9.0

Skeletal muscle percentage, % 38.6 ± 4.9

Visceral fat area, cm2 119.2 ± 33.9

HbA1c, mmol/mol 34.8 ± 3.2

HbA1c, % 5.4 ± 0.3

Note: Data are mean ± standard deviation, unless otherwise stated.

Abbreviations: BMI, body mass index; HbA1c, glycated haemoglobin.

F IGURE 2 Glucose profiles during continuous sitting (SIT), sitting
interrupted with standing (SIT-STAND), continuous standing (STAND)
and continuous walking (WALK). Data are expressed as mean and
standard deviation. Significant difference between STAND (t1) and

WALK (t1; †, p < 0.05), and between SIT (t1) and WALK (t1, ‡,
p < 0.0001) STAND, standing condition; WALK, walking condition;
t0-8, different timepoints measured glucose during the 8-h condition.
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F IGURE 3 Differences in (A) 8-h mean glucose levels, (B) 2-h postprandial glucose levels after breakfast, (C) 2-h postprandial glucose levels
after lunch, and (D) differences in heart rate (HR), (E) standard deviation of NN intervals (SDNN), (F) and high frequency for time � condition

effects during continuous sitting (SIT), sitting interrupted with standing (SIT-STAND), continuous standing (STAND), and continuous walking
(WALK). The time intervals for HR and HR variability measurements were 2 h each in the morning and afternoon, and during each individual
restful sleep phase in the night. Error bars represent 95% confidence interval. Some error bars have been omitted for clarity (E). Stars indicate the
level of significance (A–C). *Indicates p < 0.05, ** indicates p < 0.01. Significant differences between groups at different time points are indicated
as follows (D-F): (D, morning) †between SIT and STAND, and WALK (both p < 0.001), ‡between SIT-STAND and STAND (p = 0.005), and WALK
(p < 0.001), (D, afternoon) †between SIT and STAND (p = 0.039), and WALK (p < 0.001), ‡between SIT-STAND and WALK (p < 0.001),
§between STAND and WALK (p = 0.001), (D, morning and afternoon) †between SIT and WALK (p < 0.001), ‡between WALK and SIT-STAND,
and STAND (both p < 0.001), (F, morning) †between SIT and STAND (p = 0.007), and WALK (p < 0.001), ‡between SIT-STAND and STAND
(p = 0.019), and WALK (p < 0.001), (F, afternoon) †between WALK and STAND (p = 0.028), and SIT-STAND (p < 0.001) as well as SIT
(p < 0.001), (F, restful sleep) †between SIT and STAND (p < 0.001).

TABLE 2 Mean glucose concentration for each simulated condition during workday hours (8 h) and during postprandial periods (breakfast
and lunch).

Phase Measure SIT SIT-STAND STAND WALK

8-h Glucose, mmol/L 5.0 (4.8, 5.2) 4.9 (4.7, 5.0) 4.9 (4.7, 5.0) 4.8 (4.6, 4.9)a

Glucose, mg/dL 89.4 (85.9, 93.0) 88.3 (85.6, 90.9) 87.7 (84.7, 90.6) 86.3 (83.6, 89.0)a

2-h postprandial

Breakfast Glucose, mmol/L 5.3 (5.0, 5.5) 5.1 (4.9, 5.4) 5.2 (4.9, 5.4) 4.9 (4.7, 5.2)b

Glucose, mg/dL 95.3 (90.5, 99.9) 92.7 (89.8, 97.0) 93.4 (87.6, 97.8) 88.5 (84.1, 92.9)b

Lunch Glucose, mmol/L 5.0 (4.7, 5.2) 4.8 (4.7, 5.0) 4.8 (4.6, 4.9) 4.8 (4.6, 5.0)

Glucose, mg/dL 89.2 (85.5, 93.0) 87.0 (83.9, 90.1) 86.0 (82.4, 89.7) 86.2 (83.3, 89.2)

Note: Data are presented as means (95% confidence interval).

Abbreviations: SIT-STAND, combined sitting and standing condition; SIT, sitting condition; STAND, standing condition; WALK, walking condition.
aSignificant differences between SIT and WALK (p = 0.033).
bSignificant differences between SIT and WALK (p = 0.002).
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glucose response at t1 as well as the 2-h postprandial glucose after

breakfast is lower for SIT-STAND, STAND and WALK conditions, but

only reached significant differences for WALK compared with SIT.

New insights were provided by Engeroff et al.,40 who found that exer-

cise has a greater acute beneficial effect on postprandial hyperglycae-

mia when undertaken as soon as possible after a meal, and longer

intervals between eating and exercising weaken the effectiveness

with regard to glucose levels. Glycaemic spikes should be avoided not

only for healthy individuals, but especially for patients with T2D as

postprandial hyperglycaemia has the greatest detrimental effect on

long-term blood glucose control.40 Our results support this hypothesis

since light-intensity walking immediately after breakfast showed a sig-

nificant blood glucose-lowering effect compared with other

conditions.

Regarding our additional secondary outcome, this research indi-

cates that working in different conditions significantly altered HR and

HRV parameters in young adults with overweight and obesity. Our

results show significant time � condition effects for HR, SDNN and

HF response during the morning and afternoon hours, as well as sig-

nificant differences in HF between SIT and STAND during restful

sleep. HR was increased during the day, with walking providing the

highest HR, followed by continuous standing and sitting interrupted

with standing. Previous research on changes in HR/HRV during

interrupted prolonged sitting revealed moderate effects on HR only

for healthy populations, and, additionally, walking as the interruption

strategy resulted in the greatest increase in HR, as compared with

other strategies.45 For SDNN there are significant time � condition

effects. During the day, SDNN is sympathetically controlled and high-

est when sitting, whereas post-condition sympathetic-

parasympathetic answer during nighttime shows a sympathetically

driven recovery situation, which is primarily evident for STAND, fol-

lowed by SIT-STAND, WALK, and SIT. However, there was no signifi-

cant difference in SDNN between conditions during nighttime,

whereas the SDNN following STAND tends to be highest, but nar-

rowly missing significance (p = 0.054). This is remarkable because HR

in the STAND condition is significantly higher during the day, and still

tends to be lower at night. There appears to be an obvious difference

between sitting and standing regarding the sympathetic regulation.

Standing seems to be more problematic as it requires more active

night recovery compared with prolonged sitting and walking, which

have the same need for rest during nighttime. This is supported by

the parasympathetic activation level (i.e., RMSSD), which is only

numerically higher in STAND compared with SIT (p = 0.086). The

comparison of HF at night, as a marker for the parasympathetic regu-

lation, between the conditions supports the hypothesis that standing

requires the greatest recovery followed by SIT-STAND, WALK, and

TABLE 3 Heart rate and heart rate variability measurements according to the study condition.

Parameter Time SIT (1)a SIT-STAND (2)a STAND (3)a WALK (4)a F-Statistics p value

HR, bpm,

mean

(95% CI)

Morning 69.4 (64.0, 74.8)3,4 72.6 (66.3, 78.9)3,4 80.6 (73.3, 88.0)1,2 85.9 (78.7, 93.1)1,2 F(3,42) = 29.0 p < 0.001***

Afternoon 70.4 (65.9, 74.9)3,4 72.5 (66.8, 78.3)4 77.8 (69.5, 86.2) 1,4 87.2 (79.5, 94.9)1,2,3 F(3,42) = 28.2 p < 0.001***

Restful sleep 57.2 (53.2, 61.3) 57.8 (53.7, 61.9) 56.2 (52.7, 59.8) 58.9 (53.9, 64.0) F(3,42) = 2.8 p = 0.052

SDNN, ms,

mean

(95% CI)

Morning 87.8 (69.0, 106.6)4 85.6 (67.5, 103.7)4 71.7 (55.5, 87.9)4 47.5 (37.0, 58.1)1,2 F(3,42) = 23.4 p < 0.001***

Afternoon 88.5 (73.9, 103.2)4 82.9 (69.5, 96.3)4 76.0 (58.3, 93.8)4 50.4 (39.9, 60.8)1,2 F(3,42) = 21.4 p < 0.001***

Restful sleep 67.9 (56.3, 79.6) 74.1 (59.7, 88.4) 77.2 (65.6, 88.8) 69.8 (57.7, 82.0) F(3,42) = 2.9 p < 0.05*

RMSSD, ms,

mean

(95% CI)

Morning 63.8 (45.9, 81.7)3,4 58.9 (39.3, 78.7)4 40.8 (28.7, 52.8)1 30.5 (21.5, 39.6)1,2 F(3,42) = 13.2 p < 0.001***

Afternoon 61.9 (46.7, 77.0)4 53.8 (38.9, 68.7)4 48.0 (33.0, 63.1) 31.0 (21.5, 40.5)1,2 F(3,42) = 12.6 p < 0.001***

Restful sleep 69.0 (54.0, 83.9) 74.8 (53.8, 95.8) 79.3 (63.0, 95.7) 70.6 (51.6, 89.6) F(3,42) = 2.0 p = 0.148

LF, ms2,

mean

(95% CI)

Morning 7.6 (7.2, 8.0)4 7.6 (7.2, 8.0)4 7.4 (6.9, 7.9)4 6.6 (6.1, 7.1)1,2,3 F(3,42) = 21.6 p < 0.001***

Afternoon 7.6 (7.3, 8.0)4 7.5 (7.2, 7.9)4 7.5 (7.0, 7.9)4 6.6 (6.2, 7.1)1,2,3 F(3,42) = 15.8 p < 0.001***

Restful sleep 7.1 (6.7, 7.4) 7.2 (6.9, 7.6) 7.3 (7.0, 7.7) 7.1 (6.8, 7.4) F(3,42) = 2.8 p = 0.053

HF, ms2,

mean

(95% CI)

Morning 6.7 (6.1, 7.2)3,4 6.4 (5.8, 7.0)3,4 5.6 (4.9, 6.3)1,2 5.0 (4.4, 5.5)1,2 F(3,42) = 20.8 p < 0.001***

Afternoon 6.6 (6.1, 7.1)4 6.2 (5.8, 6.7)4 5.9 (5.2, 6.6)4 4.9 (4.3, 5.6)1,2,3 F(3,42) = 18.8 p < 0.001***

Restful sleep 6.8 (6.4, 7.2)3 6.9 (6.3, 7.4) 7.1 (6.7, 7.6)1 6.8 (6.4, 7.3) F(3,42) = 3.25 p < 0.05*

LF/HF-ratio,

�, mean

(95% CI)

Morning 0.9 (0.6, 1.3)3,4 1.2 (0.8, 1.5)3 1.8 (1.4, 2.1)1,2 1.6 (1.4, 1.9)1 F(3,42) = 18.8 p < 0.001***

Afternoon 1.0 (0.8, 1.3)3,4 1.3 (1.0, 1.6)4 1.6 (1.2, 1.9)1 1.7 (1.4, 2.0)1,2 F(3,42) = 13.7 p < 0.001***

Restful sleep 0.3 (�0.1, 0.5) 0.3 (0.0, 0.7) 0.2 (�0.2, 0.5) 0.3 (�0.1, 0.6) F(3,42) = 1.2 p = 0.305

Note: Level of significance was calculated by comparing the different conditions with post hoc testing. Significant differences between the conditions (SIT,

1; SIT-STAND, 2; STAND, 3; WALK, 4) are displayed with superscript numbers (1–4).
Abbreviations: CI, confidence interval; HF, high frequency; HR, heart rate; LF, low frequency; RMSSD, root mean square of successive differences; SDNN,

standard deviation of normal-to-normal beat; SIT-STAND, combined sitting and standing condition; SIT, sitting condition; STAND, standing condition;

WALK, walking condition.

*Indicates p < 0.05.

***Indicates p < 0.001.
an = 15; individuals with missing data were excluded from the analyses.
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SIT (p < 0.001), although WALK is the apparently higher daily load.

Previous research indicates that PA increases vagus activity and thus

leads to an improved cardiovascular prognosis, while obesity is associ-

ated with a reduction in parasympathetic activity.27,46 Furthermore, a

connection can be established between sympathicovagal balance,

obesity, and insulin resistance.47 This is in line with our findings,

where we show that light-intensity walking positively affects both glu-

cose metabolism and the overweight-induced HRV parameters in this

cohort of young adults, and we hypothesize that long-term standing

during the day may be a negatively perceived stressor for the human

body.48,49

A strength of our study is its crossover design, which enhances

internal validity and reliability of findings, enabling a control of within-

subject factors across experimental exposures. Study limitations are

as follows. Firstly, only acute effects on blood glucose metabolism

were investigated, and 24-h long-term effects of the respective inter-

ventions cannot be extrapolated from the results of the present study.

Secondly, the small number of included participants may limit the

generalizability of our results. Additionally, some results of the HRV

analysis narrowly missed significance. Thirdly, differences in

sympathetic-parasympathetic balance of the participants, which we

could not evaluate, might play a role. Sports, job strain, and other

environmental conditions may affect the HRV profiles of each partici-

pant. Fourthly, the findings of the present study were not adjusted for

covariates such as lifestyle habits during the intervention.

In conclusion, our trial showed that replacement and interruption

of uninterrupted prolonged sedentary behaviour due to changes in

body position with different LIPAS have positive effects on improving

blood glucose levels and HRV parameters in young adults with over-

weight and obesity. Replacement of sedentary behaviour should best

be carried out with light-intensity walking. We therefore recommend

including LIPAS as often as possible throughout the day, and post-

meal LIPAS, in particular, might be most beneficial to reduce postpran-

dial glucose response. Further research is needed to determine imple-

mentable and effective strategies for preventing prolonged sitting in

this subpopulation and promoting health-conscious behaviour

towards LIPAS for the general population.
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