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Abstract
Background Exposure to acute prolonged sitting can result in vascular dysfunction, particularly within the legs. This vascular 
dysfunction, assessed using flow-mediated dilation (FMD), is likely the consequence of decreased blood flow-induced shear 
stress. With mixed success, several sitting interruption strategies have been trialled to preserve vascular function.
Objectives The objectives of this meta-analysis were to (1) assess the effects of acute prolonged sitting exposure on vascular 
function in the upper- and lower-limb arteries, and (2) evaluate the effectiveness of sitting interruption strategies in preserv-
ing vascular function. Sub-group analyses were conducted to determine whether artery location or interruption modality 
explain heterogeneity.
Data Sources Electronic databases (PubMed, Web of Science, SPORTDiscus, and Google Scholar) were searched from 
inception to January 2020. Reference lists of eligible studies and relevant reviews were also checked.
Study Selection Inclusion criteria for objective (1) were: (i) FMD% was assessed pre- and post-sitting; (ii) studies were 
either randomised-controlled, randomised-crossover, or quasi-experimental trials; (iii) the sitting period was ≥ 1 h; and (iv) 
participants were healthy non-smoking adults (≥ 18 years), and free of vascular-acting medication and disease at the time 
of testing. Additional inclusion criteria for objective (2) were: (i) the interruption strategy must have been during the sitting 
period; (ii) there was a control (uninterrupted sitting) group/arm; and (iii) the interruption strategy must have involved the 
participants actively moving their lower- or upper-limbs.
Appraisal and Synthesis Methods One thousand eight hundred and two articles were identified, of which 17 (22 trials, 
n = 269) met inclusion criteria for objective (1). Of those 17 articles, 6 studies (9 trials, n = 127) met the inclusion criteria 
for objective (2). Weighted mean differences (WMD), 95% confidence intervals (95% CI), and standardised mean differ-
ence (SMD) were calculated for all trials using random-effects meta-analysis modelling. SMD was used to determine the 
magnitude of effect, where < 0.2, 0.2, 0.5, and 0.8 was defined as trivial, small, moderate, and large respectively.
Results (1) Random-effects modelling showed uninterrupted bouts of prolonged sitting resulted in a significant decrease 
in FMD% (WMD = − 2.12%, 95% CI − 2.66 to − 1.59, SMD = 0.84). Subgroup analysis revealed reductions in lower- but 
not upper-limb FMD%. (2) Random-effects modelling showed that interrupting bouts of sitting resulted in a significantly 
higher FMD% compared to uninterrupted sitting (WMD = 1.91%, 95% CI 0.40 to 3.42, SMD = 0.57). Subgroup analyses 
failed to identify an optimum interruption strategy but revealed moderate non-significant effects for aerobic interventions 
(WMD = 2.17%, 95% CI − 0.34 to 4.67, SMD = 0.69) and simple resistance activities (WMD = 2.40%, 95% CI − 0.08 to 4.88, 
SMD = 0.55) and a trivial effect for standing interruptions (WMD = 0.24%, 95% CI − 0.90 to 1.38, SMD = 0.16).
Conclusions Exposure to acute prolonged sitting leads to significant vascular dysfunction in arteries of the lower, but not 
upper, limbs. The limited available data indicate that vascular dysfunction can be prevented by regularly interrupting sitting, 
particularly with aerobic or simple resistance activities.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4027 9-020-01325 -5) contains 
supplementary material, which is available to authorized users.
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1 Introduction

Chronic exposure to sedentary behaviour, characterised by 
low energy expenditure (≤ 1.5 metabolic equivalents) in a 
seated, reclined, or lying posture [1] has been associated 
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Key Points 

Contemporary evidence suggests that bouts of prolonged 
sitting can result in vascular dysfunction, a precursor to 
cardiovascular disease. Prior to this analysis, the average 
magnitude of vascular dysfunction following prolonged 
sitting and how it may differ across arteries was unclear.

This meta-analysis shows that bouts of prolonged sitting 
create significant dysfunction in lower- but not upper-
limb arteries and that this dysfunction can be prevented 
by interrupting prolonged sitting with simple resistance 
or aerobic interruption strategies.

Further work is needed to identify the optimal dose and 
frequency of interruptions.

and which sitting interruption strategies are most effica-
cious is important for guiding evidence-based practices for 
decreasing CVD risk in an increasingly sedentary popula-
tion [27–35].

1.1  Objectives

The current meta-analysis aimed to consolidate the existing 
literature to determine the effects of sitting, both uninter-
rupted and interrupted, on vascular function. The objectives 
were two-fold: (1) to conduct a meta-analysis to determine 
the effect of uninterrupted sitting on vascular function, with 
subgroup analysis to identify whether the artery assessed 
helped to explain heterogeneity in the analysis; and (2) to 
conduct a separate meta-analysis to determine the effect of 
interrupted sitting on vascular function, with additional sub-
group analysis of artery, and interruption strategy to explain 
heterogeneity.

2  Methods

This meta-analysis was reported in accordance with 
PRISMA (Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses) guidelines [36].

2.1  Data Sources and Searches

Electronic databases (PubMed, Web of Science, SPORTDis-
cus, and Google Scholar) were searched by two authors (CP 
and GZ) utilising the keywords: (sitting OR prolonged sit-
ting OR sedentary OR sedentary behaviour) AND (vascular 
function OR endothelial function OR endothelium function 
OR endothelial dysfunction OR endothelium dysfunction 
OR flow mediated dilation OR flow mediated vasodilation 
OR flow dependent dilation OR flow dependent vasodilation 
OR vascular reactivity OR FMD). The reference lists of all 
identified trials and relevant reviews were also examined. 
The search was limited to English Language studies pub-
lished between inception and January 2020.

2.2  Article Selection

For the purpose of this meta-analysis, the terms ‘article’ and 
‘study’ are used synonymously; ‘trial’ is the unit included in 
the meta-analysis. A given article may have resulted in more 
than one eligible trial if the article included more than one 
intervention group or FMD assessment site. Article titles and 
abstracts were screened for relevance, and duplicate studies 
were removed before obtaining the full text of potentially eli-
gible articles to review for inclusion. The following criteria 
were used to select trials for inclusion in the review: (i) FMD 

with increased cardiovascular disease (CVD) incidence and 
mortality [2, 3]. The mechanisms linking repeated expo-
sure to prolonged sedentary behaviour, particularly sitting, 
and CVD risk are not fully understood. However, there is 
sufficient evidence to indicate that acute prolonged sitting 
results in transient vascular dysfunction [4–20]. Recent 
studies report that flow-mediated dilation (FMD), the gold-
standard non-invasive assessment of endothelial health and 
a marker of vascular function, can be reduced transiently by 
up to an absolute 5% (i.e., 22% reduced to 17%) following 
prolonged sitting [8]. Whether transient reductions in vas-
cular function as a result of sitting have prognostic impli-
cations remains unclear; however, it should be noted that 
transient endothelial dysfunction induced by other insults 
(e.g., mental stress) has recently been associated with future 
cardiovascular events in patients with stable coronary artery 
disease [21]. It is also established that chronic reductions in 
FMD are associated with up to a 13% increase in the risk of 
future cardiovascular events in individuals with and without 
established CVD [22–25].

One potential mechanism linking acute prolonged sit-
ting to decreased vascular function is decreased blood 
flow-induced shear stress [16, 26]. A number of studies 
have explored strategies to interrupt sitting and stimulate 
increases in blood flow to the inactive limbs [5–7, 9, 10, 
17]. These interruption strategies have included leg fidget-
ing [10], body weight resistance exercise [7], desk-based 
cycling [9], walking [5, 17], standing [9], and callisthenics 
[6]. Whilst some studies individually have shown pres-
ervation of FMD [5–7, 10, 17], the optimum strategy is 
unclear. In addition, the FMD response has been assessed 
in a range of different arteries, further complicating the 
interpretation of findings. Gaining an understanding of the 
degree to which upper and lower limb arteries are affected, 
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was assessed pre- and post-sitting; (ii) studies were either 
randomised controlled, randomised crossover, or quasi-
experimental pre- versus post-test trials; (iii) the prolonged 
sitting period was at least 1 h; and (iv) participants were 
non-smoking adults (≥ 18 years of age), not taking any vas-
cular acting medication, and were considered healthy, hav-
ing no major acute or chronic illness. To address the second 
objective of this review regarding sitting interruption strate-
gies, further additional criteria were used: (i) if a strategy 
was employed to disrupt the effects of sitting, the strategy 
must have been during the sitting period; (ii) there must 
have been a control (uninterrupted sitting) group or condi-
tion; and (iii) the interruption strategy must have involved 
the participants actively moving either the lower or upper 
limbs. If a study employed an intervention prior to or after 
the sitting period, only data from the control (uninterrupted 
sitting) trial were included in the analysis. Two researchers 
completed the study selection independently (CP and GZ).

2.3  Data Extraction and Quality Assessment

Data extracted for each eligible trial included bibliographic 
information (author, publication year), collected measures, 
sample characteristics (age, sex, body mass index, etc.), 
details of any interventions, arterial site, and uncorrected 
relative FMD values. Uncorrected FMD values were col-
lected, as opposed to allometrically scaled or normalized 
to the shear rate stimulus, as there is a lack of consensus on 
the correction process and different approaches have been 
used. If these data were not included in the article, the inves-
tigators contacted the authors for further information. Data 
extraction was completed independently by two researchers 
(CP and GZ). Study quality was assessed using the Cochrane 
Risk of Bias Tool [37] and a modified Heyland Methodolog-
ical Quality Score (HMQS) [38, 39] with a maximum score 
of 10 (Electronic Supplementary Material Appendix S1). 
Two additional levels were added to the standard HMQS, 
relating to the described FMD assessment. These extra lev-
els addressed whether the measure was performed in the 
recommended and validated supine posture, and whether 
appropriate guidelines were followed [40–42]. Due to the 
technical aspects of assessing FMD, adherence to published 
guidelines is imperative to ensure reliable and reproducible 
results [42, 43]. With respect to existing HMQS criteria, as 
blinding of participants is not feasible, blinding of the opera-
tor assessing FMD was considered a quality criterion for 
the HMQS as opposed to participant blinding. The HMQS 
criteria “extent of follow up”, “cointerventions”, and “out-
comes” were removed from the current analysis as they are 
designed for longitudinal studies. Quality assessment was 
completed independently by two researchers (CP and SF), 
with consultation from a third researcher (LS) in the case of 
discrepancies.

2.4  Data Synthesis

For the outcome of interest, the pre- and post-intervention 
values (mean and standard deviation) as well as mean dif-
ferences and associated standard deviations were entered 
into a spreadsheet. When data were not published, a request 
of the missing values was made to the corresponding author 
and following non-response the values were estimated based 
on methods from the Cochrane Handbook for Systematic 
Reviews of Interventions [37]. For studies reporting multiple 
time points during the bout of sitting, only the pre-trial and 
final time point values were used in analysis. Aggregation 
and calculation of final results was conducted by two authors 
(CP and SF).

2.5  Data Analysis

All extracted data were entered into software specifically 
designed for meta-analyses (MetaXL, https ://www.epige 
ar.com/index _files /metax l.html). Outcome measures were 
calculated as weighted mean differences (WMDs) as well 
as the standardised mean difference (SMD). The SMD was 
used to determine the magnitude of the effect, where < 0.2, 
0.2, 0.5, and 0.8 was defined as trivial, small, moderate, 
and large respectively [42]. Random-effects modelling, with 
the DerSimonian-Laird method, was used for both analyses 
as it allows for heterogeneity in experimental procedures 
and accounts for both within- and between-trial variance 
[44]. The statistical heterogeneity across trials included 
in the meta-analysis was assessed using the I2 statistic, 
where < 25%, 25%, and 75% represent low, moderate, and 
considerable heterogeneity, respectively [45]. Sensitivity 
analyses were performed by excluding one trial at a time to 
test the robustness of the pooled results. The Luis Furuya-
Kanamori (LFK) index was used as it is a means of identi-
fying and quantifying asymmetry and potential small study 
bias, where < 1 indicates no asymmetry, 1–2 suggests minor 
asymmetry, and > 2 indicates major asymmetry [46]. In addi-
tion, publication bias was evaluated by visual inspection 
of the Begg’s funnel plot when (i) at least 10 trials were 
included in the meta-analysis and (ii) there was substantial 
variation in sample size for the included trials [37]. Two 
authors (LS and CP) conducted the data analysis.

3  Results

3.1  Literature Search and Trial Selection

The literature search strategy is outlined in Fig. 1. Initial 
database searches identified a total of 1797 potentially eli-
gible articles with a further 5 identified through manual 
searches. Following screening of titles and abstracts, 1769 
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articles were excluded, because they did not meet inclusion 
criteria. The remaining 33 papers underwent full text screen-
ing and 16 further studies were excluded. The final analysis 
included 17 studies (22 trials) for objective (1), of which 6 (9 
trials) were included in a separate analysis of interruptions 
to prolonged sitting for objective (2).

3.2  Characteristics of Included Studies

The trial characteristics are summarised in Table 1. The num-
ber of participants in each trial ranged from 8 [14] to 20 [8]. 
Of the 22 trials, 12 included only male participants [4, 12–20], 
and 2 included only females [13, 20], with 8 trials including 
both sexes [5–8, 10, 11]. Bouts of prolonged sitting ranged 
from 1.5 [6] to 6 h [15], with a modal sitting duration of 3 
[4, 10–14, 16–20]. Assessments of FMD were carried out 
predominantly in the lower limb, with only 4 of the 18 trials 
assessing brachial artery (BA) FMD [6, 7, 15, 18]. Of the tri-
als that assessed FMD in the lower limb, 6 assessed the super-
ficial femoral artery (SFA) [4, 5, 7, 17–19], and 11 assessed 
the popliteal artery (PA) [9–15, 20], with 1 assessing the 
posterior tibial artery (PTA) [8]. Of the 18 trials, 9 included 
strategies to interrupt the bout of prolonged sitting [5–7, 9, 
10, 17]. These interruptions were categorised as aerobic [5, 
9, 10, 17], simple resistance activities [6, 7], or standing [9].

3.3  Methodological Quality Assessment

The methodological assessment of included trials is sum-
marised in Table 1. The quality of studies ranged from 3 to 
8 out of a possible maximum of 10, with the median quality 
score being 7. All trials assessed and reported all collected 
data and reported any dropouts or unusable data. For blind-
ing, 10 trials reported that offline analysis of FMD videos 
was performed by a blinded technician/researcher [4, 7, 13, 
14, 17–19]. Ten trials reported the published FMD guide-
lines that they adhered to [5, 6, 8, 11, 13, 17–19], and 8 trials 
performed FMD with participants in the suggested supine 
position [5, 6, 8–12, 16].

3.4  Synthesis of the Results

3.4.1  Effects of Prolonged Sitting on Flow‑Mediated 
Dilation

Prolonged sitting resulted in a large and significant 
decrease in FMD% (WMD = − 2.12%, 95% confidence 
intervals (CI) − 2.66 to − 1.59, p < 0.001, SMD = − 0.84) 
(Fig. 2). Sensitivity analysis indicated that none of the 
trials unduly influenced the observed outcome. Visual 
inspection of the funnel plot did not reveal substantial 

Fig. 1  Flow chart presenting the 
inclusion and exclusion criteria
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asymmetry (Fig.  3), although the LFK index of 1.36 
did indicate minor asymmetry. The heterogeneity was 
moderate (I2 = 43%, p < 0.019), which may be partially 
explained by FMD being assessed on different arteries, 
including upper- and lower-limb arteries. Subgroup analy-
sis revealed moderate and large significant decreases in 
SFA and PA FMD%, respectively (SFA, WMD = − 1.75%, 
SMD = − 0.59; PA, WMD = − 2.51%, SMD = − 1.41). 
There was a non-significant small decrease in PTA 
FMD% (WMD = − 5.00%, SMD = − 0.37), and a non-
significant trivial increase in BA FMD% (WMD = 0.03%, 
SMD = − 0.02) (Table 2).  

3.4.2  Effects of Sitting Interruption on the Flow‑Mediated 
Dilation Response to Prolonged Sitting

Across sitting interruption strategies there was a moderate, 
significantly greater FMD% for the experimental (inter-
rupted) conditions compared to the control (uninterrupted) 
(WMD = 1.91%, 95% CI 0.40–3.42, p = 0.01, SMD = 0.57) 
(Fig. 4). Sensitivity analysis indicated that removal of any 

one of 3 trials [7, 10, 17] resulted in a reduced overall effect 
but did not result in a loss of statistical significance. An LFK 
index of 3.36 indicated major asymmetry. The heterogene-
ity for this analysis was considerable (I2 = 79%, p < 0.001) 
and may be explained by the low number of trials, testing 
FMD on different arteries, and the use of varying interrup-
tion strategies. With respect to different arteries, subgroup 
analysis revealed non-significant effects on BA, SFA, and 
PA FMD% (Table 3). This analysis also revealed consider-
able heterogeneity in the SFA and PA subgroups (I2 = 77% 
and 90% respectively). With regards to sitting interruption 
strategies, simple resistance activities and aerobic interrup-
tion strategies resulted in non-significant moderately greater 
FMD% compared to control conditions (Table 3). This sub-
group analysis also revealed considerable heterogeneity for 
the aerobic subgroup (I2 = 86%) and moderate heterogene-
ity for the simple resistance activities subgroup (I2 = 47%). 
Finally, only one trial included standing as an interruption 
strategy [9], reporting a non-significant difference in FMD% 
between conditions (WMD = 0.24, 95% CI − 0.90 to 1.38) 
(Table 3).

Table 1  Characteristics of the 
included trials

Quality was assessed using a modified Heyland Methodological Quality Score, with a maximum score of 
10. Labels a and b denotes different trials from the same study
F females, SD standard deviation, FMD flow−mediated dilation, SFA superficial femoral artery, BA bra-
chial artery, PTA posterior tibial artery, PA popliteal artery, SRA simple resistance activities, N/A not appli-
cable

References Quality Sample [n (F); mean 
age, years (SD)]

FMD 
assessment 
site

Sitting 
duration 
(h)

Interruption strategy

Ballard et al. [4] 6 11 (0); 21.2 (1.9) SFA 3 N/A
Carter et al. [5] 7 15 (5); 35.8 (10.2) SFA 4 Aerobic
Carter et al. [6] 7 10 (4); 27.3 (8.1) BA 1.5 SRA
Climie et al. [7]a 8 19 (8); 57 (12) SFA 5 SRA
Climie et al. [7]b 8 19 (8); 57 (12) BA 5 SRA
Credeur et al. [8] 6 20 (7); 26 (7) PTA 3 N/A
Kruse et al. [9] 7 13 (3); 38 (3) PA 4 Aerobic and standing
Morishima et al. [10] 7 11 (4); 26 (1) PA 3 Aerobic
Morishima et al. [11] 8 15 (5); 26.7 (0.5) PA 3 N/A
Morishima et al. [12] 7 9 (0); 21.2 (2) PA 3 N/A
O’Brien et al. [13]a 6 10 (0); 24 (2) PA 3 N/A
O’Brien et al. [13]b 6 10 (10); 23 (2) PA 3 N/A
Padilla et al. [14] 7 8 (0); 24 (1.7) PA 3 N/A
Restaino et al. [15]a 4 11 (0); 27 (1) PA 6 N/A
Restaino et al. [15]b 4 11 (0); 27 (1) BA 6 N/A
Restaino et al. [16] 7 10 (0); 26 (1) PA 3 N/A
Thosar et al. [17] 7 12 (0); 24.2 (4.2) SFA 3 Aerobic
Thosar et al. [18]a 5 12 (0); 24.2 (4) BA 3 N/A
Thosar et al. [18]b 5 12 (0); 24.2 (4) SFA 3 N/A
Thosar et al. [19] 7 11 (0); 24.2 (4.4) SFA 3 N/A
Vranish et al. [20]a 3 12 (12); 20 (0) PA 3 N/A
Vranish et al. [20]b 3 8 (0); 22 (1) PA 3 N/A
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4  Discussion

The aim of this meta-analysis was to synthesise exist-
ing data with respect to the effects of prolonged sitting 
(> 1 h), with and without interruption, on vascular func-
tion in adults. The main findings were that: (1) prolonged 
uninterrupted sitting resulted in a significant decrease 

(detrimental) in FMD% (WMD = − 2.12%, 95% CI − 2.66 
to − 1.59, SMD = 0.84), with these effects occurring in 
the lower limbs (SFA, PA, and PTA), but not in the upper 
limb (BA) and (2) regular interruptions to sitting appear 
to confer a protective effect against vascular dysfunction; 
however, the optimum interruption strategy cannot yet be 
identified at this time due to the limited number of trials.

Fig. 2  Effect of prolonged uninterrupted sitting on vascular function 
meta-analysis using a random-effects model grouped by artery. WMD 
weighted mean difference, CI confidence intervals. Labels a and b 

denotes different trials from the same study. BA brachial artery, SFA 
superficial femoral artery, PA popliteal artery, PTA posterior tibial 
artery. Labels a and b denotes different trials from the same study
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4.1  Limitations

Whilst this meta-analysis has produced meaningful informa-
tion, several potential limitations should be acknowledged 
when interpreting the results of this analysis. Firstly, there 
was a limited number of eligible trials and the sample sizes 
were small (range = 8–20, median = 12). In addition, only 
four trials reported sample size calculation for the FMD 
outcome [4, 16, 17, 19]. However, this is the first meta-
analysis to evaluate the effects of prolonged sitting with and 
without interruption and some important methodological 

insights for future studies are noted. Second, our analysis 
considered change in FMD%. FMD% is a ratio calculated by 
dividing the maximum change in artery diameter in response 
to reactive hyperaemia by the resting artery diameter. This 
approach has been criticised as the change in diameter is 
inversely proportional to baseline diameter and thus a ratio 
is statistically unsuitable [47]. Allometric scaling has been 
offered as a means of controlling for the influence of base-
line diameter; however, this approach may not be able to 
adequately correct FMD% in different vascular beds or at an 
individual level, i.e., it can only be applied to group means 

Fig. 3  Funnel plot for uninter-
rupted sitting meta-analysis

Table 2  Uninterrupted sitting with subgroup analysis by artery using a random-effects meta-analysis model

SMD: trivial, small, moderate and large effect sizes are defined as < 0.2, 0.2, 0.5, and 0.8, respectively. LFK: < 1 indicates no asymmetry, 1–2 
suggests minor asymmetry, and > 2 indicates major asymmetry. I2: 25%, 50%, and 75% represent low, moderate, and high heterogeneity, respec-
tively.
WMD weighted mean difference, LCI lower confidence interval, UCI upper confidence interval, SMD standardised mean difference, LFK Luis 
Furuya-Kanamori Index, SFA superficial femoral artery, BA brachial artery, PTA posterior tibial artery, PA popliteal artery, N/A not applicable

Pooled effect Heterogeneity Asymmetry Quality Trials Sample

WMD LCI UCI p value SMD Q p value I2 LFK

All − 2.12 − 2.66 − 1.59 < 0.001 − 0.84 36.5 0.02 43 1.36 6 22 269
Artery
 SFA − 1.75 − 2.88 − 0.63 − 0.59 7.50 0.19 33 7 6 80
 BA 0.03 − 1.54 1.60 − 0.02 2.34 0.51 0 6 4 52
 PTA − 5.00 − 13.32 − 3.32 − 0.37 N/A N/A N/A 6 1 20
 PA − 2.51 − 3.06 − 1.97 − 1.41 15.3 0.12 35 6 11 117
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[42, 48, 49]. An alternative approach has been to correct 
FMD% using shear rate as a covariate [50, 51], though this 
approach has also been suggested to have limitations [52]. 
These points, taken together, indicate that there is a cur-
rent lack of consensus about the best statistical strategy for 
controlling for factors that influence FMD. Consequently, 
current FMD guidelines still suggest reporting FMD% irre-
spective of any further analysis [40, 41]. Subsequently, these 
data are readily available within the literature and whilst 
certain limitations of the metric are acknowledged, FMD% 
served as an appropriate metric for this analysis. Thirdly, 

this meta-analysis has highlighted a sex-specific void in 
the research. Specifically, 75% of the overall sample were 
male, and of the 10 trials which included females, 6 studied 
females in the follicular phase of the menstrual cycle [5, 6, 
8, 9, 13, 20], 2 did not control for menstrual cycle [10, 11], 
and 2 studied menopausal women [7]. Given the potential 
influence of the menstrual cycle on FMD% [53–57], and 
the small number of females sampled, generalising the find-
ings of this meta-analysis to females is difficult. Lastly, this 
analysis only considered the difference between baseline and 
final FMD%, so any inferences regarding the time course of 

Fig. 4  Effect of interrupted prolonged sitting on vascular function meta-analysis using a random-effects model. WMD weighted mean difference, 
CI confidence intervals. Labels a and b denotes different trials from the same study

Table 3  Interrupted sitting with subgroup analysis by artery and interruption strategy using a random-effects meta-analysis model

SMD: Trivial, small, moderate and large effect sizes are defined as <0.2, 0.2, 0.5, and 0.8, respectively. LFK: <1 indicates no asymmetry, 1 to 2 
suggests minor asymmetry, and >2 indicates major asymmetry. I2: 25%, 50%, and 75% represent low, moderate, and high heterogeneity, respec-
tively
WMD weighted mean difference, LCI lower confidence interval, UCI upper confidence interval, SMD standardised mean difference, LFK Luis 
Furuya-Kanamori Index, SFA superficial femoral artery, BA brachial artery, PA popliteal artery, SRA simple resistance activities, N/A not appli-
cable

Pooled effect Heterogeneity Asymmetry Quality Trials Sample

WMD LCI UCI p value SMD Q p value I2 LFK

All 1.91 0.40 3.42 0.01 0.57 37.8 < 0.001 79 − 3.36 7 9 127
Artery
 SFA 2.28 − 0.32 4.88 0.65 13.1 < 0.001 77 8 4 31
 BA 0.88 − 1.70 3.46 0.18 0.44 0.51 0 8 2 29
 PA 1.86 − 0.68 4.40 0.76 19.8 < 0.001 90 7 3 37

Interruption strategy
 SRA 2.40 − 0.08 4.88 0.55 3.78 0.15 47 8 3 48
 Aerobic 2.17 − 0.34 4.67 0.69 27.8 < 0.001 86 7 5 66
 Standing 0.24 − 0.90 1.38 0.16 N/A N/A N/A 7 1 13
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vascular dysfunction during uninterrupted sitting cannot be 
made. This practice was based on ~ 70% of trials only imple-
menting pre- and post-sitting FMD assessments [5, 6, 8–16, 
20] and the indication by current expert guidelines that par-
ticipants should be supine for FMD assessments [40, 42]. 
Consequently, any posture transitions to facilitate repeated 
assessments would not constitute uninterrupted sitting.

4.2  Prolonged Sitting

This meta-analysis demonstrated that prolonged uninter-
rupted sitting leads to a large and significant decline in 
FMD% (Table 2), specifically in the lower-limbs. The lower-
limb specific findings may be explained by several factors. 
Firstly, the reported differences in the reduction of shear 
stress during sitting between upper and lower arteries may 
explain some of the results [4, 7–17]. Shear stress is the 
tangential force created by friction of flowing blood on the 
luminal surface of all blood vessels and is considered to be a 
primary regulator of endothelial function [40]. Indeed, mul-
tiple lines of evidence demonstrate that reduced shear stress 
impairs endothelial function [58–63]. In addition, changes 
in shear patterns, specifically increases in retrograde shear in 
the absence of increased antegrade shear, have been shown 
to blunt FMD responses [64]. Whilst a majority of trials in 
this analysis only reported mean shear, the limited trials that 
reported shear patterns consistently found that retrograde 
shear did not significantly increase in SFA during prolonged 
sitting [5, 17–19]. Instead, the observed reduction in mean 
shear appears to be the result of decreased antegrade shear 
[17–19] and overall blood flow; however, more research is 
required across different arteries to confirm this. As a result 
of low muscle activity in the lower limbs during prolonged 
sitting, blood flow, and subsequently shear stress, are likely 
reduced [26]. In contrast, during trials that sampled the BA, 
participants were allowed to perform desk-based activities 
throughout the sitting period [6, 7, 15, 18]. Subsequently, 
reductions in shear stress may not have occurred to the same 
extent, explaining, in part, the maintenance of BA FMD. 
Furthermore, by allowing participants to perform desk-based 
activities, it is unlikely that significant increases in hydro-
static pressure would have occurred within the upper limbs. 
Conversely, the increased hydrostatic pressure likely expe-
rienced by lower limb arteries [65], compounded by the loss 
of any muscle pump action, may have resulted in blood pool-
ing [26] and activation of the myogenic response, thereby 
further reducing blood flow-induced shear stress [65].

Secondly, arterial bending created by flexion at the hip 
and knee joints during sitting may have also impacted vascu-
lar function in arteries of the lower limbs. Arterial tortuosity 
alone has been shown to significantly reduce blood flow and 
shear stress independent of changes in hydrostatic pressure, 

whilst also creating an area of turbulent blood flow immedi-
ately downstream, and thus resulting in an impaired FMD% 
[11, 66]. The greater decline in FMD% seen in the PA com-
pared to the SFA (Table 2) may be explained by increased 
turbulent flow, as the assessment site is located close to the 
knee joint, a site of increased tortuosity. Finally, there is a 
negative correlation between resting diameters and FMD% 
[67], and so the greater decline in FMD% in the lower limbs 
may be explained by arterial location given that arteries fur-
ther down the vascular tree become narrower [67]. This is 
likely true of the present findings, whereby the PTA (small-
est resting diameter) showed the greatest reduction in FMD% 
as a consequence of prolonged sitting (Table 2). More stud-
ies are required to further investigate this phenomenon, as 
only one trial assessing the PTA was included in the present 
analysis. Nevertheless, these data, in tandem with previous 
work suggesting impaired cerebrovascular endothelial func-
tion as a result of prolonged sitting [68], indicate that it is 
highly conceivable that sitting-induced vascular dysfunction 
is not solely restricted to larger conduit arteries.

4.3  Sitting Interruption

Despite growing evidence demonstrating leg vascular 
dysfunction following an acute bout of prolonged sitting, 
research investigating practical sitting interruption strategies 
is limited. Our analysis, which included 9 trials and a sample 
size of 127, demonstrated a significantly (p = 0.01) greater 
FMD% (WMD = 1.91%, 95% CI 0.40–3.42, SMD = 0.57) 
when sitting was regularly interrupted compared to uninter-
rupted sitting.

One of the challenges when investigating the effect of 
interrupting sitting is the variety of arteries assessed. It is 
apparent that lower limb arteries are more affected by unin-
terrupted sitting, and, therefore, perhaps also more amenable 
to the effects of interrupting sitting periods. Indeed, sub-
group analysis demonstrated that BA FMD% was the least 
affected by interruption. Conversely, whilst failing to reach 
significance, sitting interruption had a moderate effect on 
SFA FMD% and PA FMD% (Table 3). The greater FMD% 
observed in lower limb arteries following interruption is 
likely the result of preserved blood flow and subsequent 
shear stress as a product of greater lower-extremity activity 
[10]. In order to identify optimum interruption strategies 
to preserve vascular function, a separate subgroup analysis 
was performed.

Findings from the interruption subgroup analysis indi-
cated that both simple resistance activities and aerobic 
interruption strategies resulted in moderate non-significant 
differences in FMD% between the experimental and control 
conditions (Table 3). The failure of any of the subgroups to 
reach significance may be a product of the limited number 
of trials, or the observed heterogeneity present within each 
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subgroup as a product of differing FMD assessment loca-
tions or experimental designs. Indeed, this is apparent in the 
simple resistance activities subgroup which only consisted 
of three trials, two of which assessed BA FMD% [6, 7] and 
the third assessed SFA FMD% [7]. It is plausible that simple 
resistance activities may preserve vascular function; how-
ever, more trials assessing lower limb arteries are necessary.

With respect to the aerobic subgroup, whilst failing to 
reach statistical significance, it is likely that this modality is 
a viable interruption strategy. Indeed, of the five trials within 
the subgroup four trials reported an improvement in FMD% 
from baseline [5, 10, 17] and three reported improvements 
between conditions [5, 10, 17]. The considerable hetero-
geneity within this subgroup (I2 = 86%) likely contributed 
to the lack of statistical significance and may be a result of 
key methodological differences between trials. Of particu-
lar note are the findings by Carter et al. [5], which show 
that the aerobic interruption strategy utilised resulted in a 
poorer FMD% outcome than the control condition (Fig. 4). 
However, this may be a result of uncontrolled lower limb 
movement during the control condition. In an attempt to 
improve ecological validity, Carter et al. [5] was the only 
trial to not restrict lower limb movement during the con-
trol condition which may explain why it is the only trial to 
show improved FMD% in a lower limb artery in response 
to prolonged sitting (Fig. 2). Subsequently, whilst the origi-
nal data from this trial show that the aerobic interruption 
strategy preserved vascular function, it is masked in this 
analysis by the elevated control FMD%. Further supporting 
the notion that aerobic interruption strategies may be ben-
eficial in preventing sitting-induced vascular dysfunction, 
McManus et al. [69] demonstrated that aerobic interruptions 
could prevent sitting-induced leg vascular dysfunction in 
9-year-old girls. As the inclusion criteria for the current 
meta-analysis induced adults, these data were not included 
in the current analysis. However, this finding, in combination 
with the data from the present meta-analysis, indicates that 
aerobic interruption strategies may prevent sitting-induced 
vascular dysfunction.

Finally, whilst standing has been suggested as a viable 
sitting interruption strategy and can prevent a decline in 
central arterial health during bouts of prolonged sitting 
[70], the present meta-analysis revealed a non-significant 
trivial difference in FMD% in the lower limbs (WMD = 0.24, 
95% CI − 0.91 to 1.38, SMD = 0.16) between conditions. It 
is possible that standing breaks are insufficient stimuli to 
increase shear stress and thus prevent sitting-induced vascu-
lar dysfunction. However, it is noteworthy that when sitting 
is fully substituted by standing for 3 h, leg vascular func-
tion is effectively preserved [11]. Accordingly, it appears 
that whilst standing breaks may not be sufficient to prevent 
sitting-induced leg vascular dysfunction, replacing sitting 
with standing could be a viable strategy to retain vascular 

function; however, further research is needed to support this 
conclusion.

4.4  Methodological Concerns

Determining the effect of interrupting sitting is made chal-
lenging by the differences in the experimental design and 
protocols used by the included trials. This may also be the 
cause of the high heterogeneity present in the separate sub-
group analyses (Table 3). For example, the considerable 
heterogeneity across PA trials (I2 = 90%) may be explained 
by key differences in the time between the end of the final 
interruption and the final FMD assessment, which ranged 
from ~ 10 [10] to ~ 60 [9] minutes. Given that shear stress, 
the principal driver of changes in FMD, has been shown to 
significantly decrease following as little as 10 min of sit-
ting [71], extended periods of inactivity (i.e., 60 min) prior 
to post-sitting FMD assessments will likely mask the true 
effect of interruption strategies. Conversely, by assessing 
FMD within 10 min of the final interruption [10] it could 
be argued that the subsequent elevation in shear stress as a 
consequence of the interruption will likely mask the true 
effect of prolonged sitting [4]. Whilst it is beyond the scope 
of this article to suggest an optimum methodology, it is clear 
that the differences between trials seeking to answer similar 
questions make drawing conclusions challenging. The devel-
opment and implementation of standardised guidelines may 
facilitate a better understanding of this research area.

4.5  Implications

A summary of the implications of our findings is provided 
in Table 4. Prior to this review, growing evidence suggested 
that bouts of prolonged sitting may negatively impact vas-
cular function and that regular interruptions to sitting may 
offset that effect. However, the magnitude of the effect of sit-
ting on vascular function and whether effects differed across 
arteries was unclear. In addition, whilst various studies have 
investigated potential interruption strategies, until now, it 
remained uncertain how different arteries were affected and 
whether an optimum interruption strategy may exist. The 
current meta-analysis is the first to consolidate the existing 
data in this area. The data indicate that bouts of prolonged 
sitting (≥ 1 h) result in significant, moderate to large declines 
in FMD% in lower limb arteries, but not in the BA. Fur-
ther to this, whilst current data are unable to determine an 
optimum interruption strategy aimed at preventing vascular 
dysfunction, aerobic interruption strategies may offer the 
most robust protective effect, likely as a result of increased 
blood flow-induced shear stress.

Several important gaps in the literature were identified. 
Given the low number of included trials investigating inter-
ruption strategies, the current meta-analysis was unable to 
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determine the optimal dose, duration, and intensity of sit-
ting interruption. Also, there is currently a discourse in the 
methodologies employed across studies in this area, with one 
example being the posture in which FMD is assessed. Cur-
rent FMD guidelines state that assessments are performed 
with participants supine [42]. However, 13 of the 22 trials 
in this analysis assessed FMD with participants seated or 
semi-recumbent [4, 7, 13, 15, 17–20]. To date, there is no 
evidence that this is either an accurate (valid) or reliable 
measure compared to the recommended supine position. In 
addition, in trials that conducted post-sitting FMD assess-
ments with participants in a supine position, some trials 
have reported performing FMD assessments immediately 
[10], whereas others imply slightly longer rest periods [8]. 
These divergent practices post-sitting transition are likely to 
increase the risk of under- or over-estimation of FMD. The 
development and implementation of standardised guidelines 
may improve the congruency of future research. In addi-
tion, the validation of seated FMD assessments would allow 
researchers to confidently chart the time course of vascu-
lar dysfunction as a result of prolonged uninterrupted sit-
ting and whether a dose–response curve exists. Currently, 
trials that have performed seated SFA FMD assessments 
multiple times throughout a bout of uninterrupted sitting 
have all demonstrated significant declines within the first 
hour of sitting [4, 17–19]. However, some have proceeded 
to continue a gradual decline as sitting time increases [4], 
whereas others have shown an upwards trend past the 1 h 
point [7, 17–19]. Without a validated means of assessing 
vascular function with participants in a seated position and 

standardised guidelines, understanding the time course 
of dysfunction and the mechanisms responsible remains 
challenging.

5  Conclusions

The epidemiological literature has established a positive 
association between sedentary behaviours, such as pro-
longed sitting, and CVD incidence and all-cause mortality. 
Vascular dysfunction may be a key mechanism in explaining 
this association. This meta-analysis is the first to amalgam-
ate the existing data of the effect of prolonged sitting on 
vascular function. The results of this analysis indicate that 
(1) periods of prolonged uninterrupted sitting in excess of 
1 h may lead to a meaningful decrease in vascular function 
in lower limb arteries, and that, (2) this dysfunction can be 
avoided by regularly interrupting sitting, particularly with 
aerobic interruptions or simple resistance activities. In order 
to identify optimum interruption strategies, future research 
utilising synergistic experimental methodologies is required. 
This future research should aim to determine the optimal 
dose, duration, and intensity of sitting interruption.
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Table 4  Summary of findings 
and implications

CVD cardiovascular disease

What did we know prior to this meta-analysis?
 Epidemiological data suggest a link between cardiovascular disease incidence and time spent sitting
 Bouts of acute prolonged sitting can result in vascular dysfunction, a precursor to CVD
 Sitting interruption strategies may offset vascular dysfunction

What did we not know prior to this meta-analysis?
 Extent to which prolonged sitting affects vascular function in upper and lower limb arteries
 How interrupted sitting affects vascular function compared to uninterrupted sitting
 The optimum interruption strategy to preserve vascular function during prolonged sitting

What does this meta-analysis add?
 Prolonged sitting results in a significant decline in vascular function in lower- but not upper-limb arteries
 Interrupting prolonged sitting with aerobic activities may preserve vascular function
 Identification of inconsistencies in the methods employed within this research area

How do we use this new information?
 Future research should focus on assessing lower limb arteries only
 Simple resistance activities or aerobic interruption strategies may be viable means of preserving vascular 

function during exposure to prolonged sitting
What needs to happen next to move the field forward?
 Standardised guidelines should be designed and implemented for this research area
 Optimal dose and frequency of interruption should be determined
 Findings from laboratory-based sitting studies presented herein should be confirmed in more real-life 

(i.e., ecological) scenarios
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