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Abstract 
Prolonged sitting in a mild hypercapnic environment impairs peripheral vascular 

function. The effects of sitting interruptions using passive or active skeletal muscle 

contractions are still unclear. Therefore, we sought to examine the vascular effects of 

brief periods (2 min every half hour) of passive and active lower limb movement to 

interrupt prolonged sitting with mild hypercapnia in adults. Fourteen healthy adults (24 ± 

2 yr) participated in three experimental visits sitting for 2.5 h in a mild hypercapnic 

environment (CO2 = 1,500 ppm): control (CON, no limb movement), passive lower limb 

movement (PASS), and active lower limb movement (ACT) during sitting. At all visits, 

brachial and popliteal artery flow-mediated dilation (FMD), microvascular function, 

plasmatic levels of nitrate/nitrite and endothelin-1, and heart rate variability were 

assessed before and after sitting. Brachial and popliteal artery FMDs were reduced in 

CON and PASS (P < 0.05) but were preserved (P > 0.05) in ACT. Microvascular 

function was blunted in CON (P < 0.05) but was preserved in PASS and ACT (P > 

0.05). In addition, total plasma nitrate/nitrite was pre- served in ACT (P > 0.05) but was 

reduced in CON and PASS (P < 0.05), and endothelin-1 levels were decreased in ACT 

(P < 0.05). Both passive and active movement induced a greater ratio between the low-

frequency and high-frequency bands for heart rate variability (P < 0.05). For the first 

time, to our knowledge, we found that brief periods of passive leg movement can pre- 
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serve microvascular function, but that an intervention that elicits larger increases in 

shear rate, such as low-intensity exercise, is required to fully protect both 

macrovascular and microvascular function and circulating vasoactive substance 

balance. 

 

NEW & NOTEWORTHY Passive leg movement could not preserve macrovascular 

endothelial function, whereas active leg movement could protect endothelial function. 

Attenuated microvascular function can be salvaged by passive movement and active 

movement. Preservation of macrovascular hemodynamics and plasma total 

nitrate/nitrite and endothelin-1 during prolonged sit- ting requires active movement. 

These findings dissociate the impacts induced by mechanical stress (passive 

movement) from the change in metabolism (active movement) on the vasculature 

during prolonged sitting in a mild hypercapnic environment. 

 

autonomic function; endothelial function; mechanoreflex; metaboreflex; microvascular 

function 

 

 

INTRODUCTION 
Many adults spend more than half of their waking hours sitting, with this 

pattern further amplified by the recent pandemic, which can adversely affect 

cardiovascular health. Prolonged sitting, i.e., uninterrupted sitting for at least 1 h or 

longer, is indeed an independent predictor for cardiovascular diseases (CVD) (1–3) 

and has been associated with an increased risk for metabolic diseases (4) and all-

cause mortality (5). Specifically, sitting can impair endothelial function in the legs 

(6–8), increase peripheral blood pressure (9, 10), and contribute to the increased 

susceptibility to atherosclerotic development in the lower extremity vessels (11–13). 

In addition, periods of prolonged sitting typically occur in mild hypercapnic 

environments [elevated levels of atmospheric carbon dioxide (CO2)] such as 

classrooms, offices, and auditoriums (14–16), which exacerbate prolonged 

sitting’s adverse effects on cardiovascular function (17). 



 

Despite the known health benefits of moderate-to-vigorous physical 

activity, the percentage of adults in the United States who meet the guidelines 

for physical activity is only ~23%, and this has been remarkably unchanged 

during the period 2008–2016, regardless of public health policies (18). In this context, 

there is a crucial need to explore evidence- based alternative behavioral 

strategies to mitigate the deleterious effects of sedentarism on vascular health. 

One strategy to improve cardiovascular health is to interrupt sitting with activity 

breaks such as short periods of walking or fidgeting (6, 19). These periods of 

activities have been documented to prevent the decline in lower limb flow-

mediated dilation (FMD), a measure of vascular endothelial function, which 

occurs in response to prolonged sitting (6, 19). However, the optimal dose and 

frequency of interruptions using physical activities and the question of whether 

such interventions would provide sufficient protection from the compounding 

effects of a mild hypercapnic environment during prolonged sitting on autonomic 

and vascular function remain unknown. 

Passive limb movement is also a potent stimulus to induce both central 

hemodynamic responses (20) and hyperemia in the lower limb (21) with 

therapeutic benefits on vascular function in chronic conditions characterized by 

low flow and poor vascular function (22, 23). However, whether passive 

movement can abolish the negative effects of prolonged sitting in a mild 

hypercapnic environment on vascular function has not been investigated. 

Besides the clinical potential of this intervention in the context of prolonged 

sitting, this approach would also enable us to mechanistically dissociate the 

effects induced by mechanical stress on the vasculature during passive 

stretching from the change in metabolism due to muscle contraction. 

Therefore, this study comprehensively examined the effects of short-

duration passive and low-intensity active lower limb movement during prolonged 

sitting in a mild hypercapnic environment on peripheral macrovascular 

endothelial function, hemodynamics, arterial stiffness, microvascular circulatory 

function, and autonomic nervous system activity in healthy adults. We 

hypothesized that both passive limb movement and active lower limb movement 



 

would preserve peripheral macrovascular and microvascular function. 

 

MATERIALS AND METHODS 
Participants 

A total of 14 healthy young adults were recruited. All participants were 

between the ages of 19–35 yr old and had no current medical diagnoses that 

required treatment. All participants were free of dyslipidemia, CVD, 

neuromuscular disease, diabetes mellitus, and renal dis- ease. Additional 

exclusion criteria included pregnant or nursing women and the use of hormonal 

contraceptives. Written, informed consent was obtained from all participants 

before the beginning of the study, and all experiments were examined in 

accordance with the protocol approved by the University of Nebraska Medical 

Center Institutional Review Board and carried out according to the Declaration 

of Helsinki. 

 

Study Design 
Each participant completed three experimental visits that were conducted 

within a randomized crossover study design with 2: 1 wk between each visit (Fig. 

1A). Each experimental visit was completed at 06:00 AM (± 1 h) after an overnight 

fast, and participants were asked to avoid alcohol, caffeine, and excessive 

physical activity for ≥ 24 h before each visit. Participants filled out an activity 

questionnaire that requested their average weekly activity, daily step counts 

obtained from a fitness tracker (Fitbits,Apple Watches, etc.), and their 

estimated V̇O2max from a previously completed submaximal aerobic fitness 

testing (YMCA cycle ergometer test) (17). 

Measurements of resting BP, resting HR, blood sampling, venous pooling, 

autonomic nervous system activity, endothelial function, femoral artery mean shear 

rate, pulse-wave velocity, and microcirculatory vascular function were obtained 

before and after 2.5 h of prolonged sitting in a mild hypercapnic environment (Fig. 

1B). The 2.5-h sitting period was selected based on previous literature that 

indicated the negative effects of prolonged sitting occur within 1 h (6) and that no 



 

additional negative effects occur after 2 h (17, 24). The three experimental visits 

included 1) prolonged sitting with 2-min bouts of passive leg movement every 30 

min, 2) prolonged sitting with 2-min bouts of active leg movement every 30 min 

(ACT), and 3) control prolonged sitting with no movement (CON). Movement bouts 

were performed using a foot elliptical (Cubii by Fitness Cubed Inc., Chicago, IL) 

at the rate of 1 Hz (60 cycles/min). The passive movement was induced by an 

investigator pedaling the participant’s feet in the elliptical, and a metronome was 

used to ensure a 60 cycles/min cadence. Investigators informed the participants 

before each passive movement bout to remain relaxed before and during the 

passive movement. To avoid confounding muscular contractions, participants 

were informed that the passive movement would begin in ~1 min but were not 

informed of the exact starting point before each bout (25). The active movement 

was performed by the participant pedaling at a preset workload (13 W) to a 

metronome to ensure the same cadence. Participant cadence adherence was 

constantly monitored, and investigators informed them to increase or decrease 

speed as applicable. Our pilot data (n = 7 subjects, unpublished data) examined 

femoral artery mean shear rate in response to three workloads of 7 W, 8 W, and 

13 W. The 13 W workload increased femoral artery mean shear rate (571.6 ± 

33.4 s-1) to a level comparable with a previous study using active movement 

bouts during prolonged sit- ting (26). In addition, the change in knee joint angle 

was similar between the PASS and ACT groups (PASS: 32.4 ± 6.2o, ACT: 

31.0 ± 5.7o). All female participants (n = 7) were tested during the early to 

midfollicular (days 1–10) and late luteal phases (> day 19) of the menstrual 

cycle to reduce the potential confounding impacts of endogenous estrogen on 

autonomic function (17, 27). 

 

Experimental Conditions 
After descriptive and baseline measurements, each participant sat for 2.5 

h in an environmental chamber (Darwin Chambers Company, St. Louis, MO) 

during each experimental condition. Natural respiration produced by the 

participant and investigators was used to generate the mild hypercapnic 



 

environment. Atmospheric CO2 was set to ~1,500 ppm, which is a typical 

atmospheric CO2 level in classrooms and offices (14–16) and exacerbates the 

negative effects of prolonged sitting (17). Atmospheric conditions (temperature, 

humidity, and CO2 concentration) were monitored every 15 min during sitting 

(Fig. 1B). Temperature and relative humidity were monitored using a handheld 

weather meter (Kestrel Meters, Brooklyn, PA) and were maintained at 22oC and 

50% relative humidity, respectively. Atmospheric CO2 concentrations were 

monitored with a CO2 meter (Extech CO260 CO/CO2 Meter +; Psychrometer, 

Nashua, NH). In addition, measurements of both resting HR and BP and during-

movement (PASS and ACT movement bouts) HR and BP were taken during 

sitting. Participants were asked to bring nonstimulating reading material or to do 

work on a laptop to reduce any extraneous muscle contractions during the sitting 

period (17). 

 

Body Composition, Anthropometrics, and Handgrip Strength 
Height and handgrip strength were assessed upon arrival at the first visit. 

Body mass, body mass index (BMI), body composition, and volume of the 

thigh and shank were assessed at all three visits. Height was measured to the 

nearest 0.5 cm. Body composition was measured using bioelectrical impedance 

analysis (InBody H20N, InBody Europe B.V., Amsterdam, The Netherlands). Leg 

volume was quantified by measuring thigh and lower leg skinfolds and circumferences 

of three sites (distal, middle, and proximal) using standard calipers and measuring tape 

as previously described (28–30). Thigh and lower leg volumes were calculated as 

previously described and reported as leg muscle mass (28–30). Venous pooling was 

estimated by measuring calf circumference at the largest circumference of the calf (24). 

Handgrip strength was measured for both hands using a handgrip dynamometer 

(JAMAR, Bolingbrook, IL) as previously described (31). 

 

Indirect Calorimetry 
Indirect calorimetry was used for the first 20 min and at the 150 min time 

point of sitting to assess fractional content of expired CO2 (FECO2) and tidal 



 

volume (Vt) in normocapnic and hypercapnic conditions using a gas- and flow-

calibrated metabolic cart (ParvoMedics TrueOne Metabolic System, Sandy, 

UT).

 
 

Figure 1. Participant allocation and study flow. A: randomized crossover study design and participant 
allocation to the control (CON, n = 14), passive (PASS, n = 14), and active (ACT, n = 14) groups. B: 
representation of the study flow for the CON, PASS, and ACT groups. Measurements were taken before sitting 
(baseline) and after sitting (post), which included resting heart rate, blood pressure, venous blood sampling, 
mean femoral arterial shear rate and blood flow, autonomic nervous system activity by heart rate variability, 
brachial and popliteal artery endothelial function (flow-mediated dilation, FMD), arterial stiffness (pulse-wave 
velocity, PWV), calf girth, and microvascular circulatory function. During sitting, measurements were taken at 
rest [2 min after the movement (MVT) bout in PASS and ACT if applicable] and during movement every 15 
min and consisted of heart rate, blood pressure, and atmospheric CO2 monitoring. 
 



 

Blood Pressure and Heart Rate at Rest and during Movement 
Resting systolic blood pressure (SBP), diastolic blood pressure (DBP), 

and HR were measured using an automatic sphygmomanometer (Omron 

BP786N; Omron Corp., Kyoto, Japan) before and after sitting as previously 

described (17), and mean arterial pressure (MAP) was calculated as MAP = 

DBP + 1/3 (SBP – DBP). Resting measurements were repeated every 15 min 

during sitting using an automated sphygmomanometer and a Suunto watch and 

chest band (Suunto Spartan Sport Watch and Smart Sensor, Suunto, Vantaa, 

Finland). To ensure a rested state after movement bouts, a 2-min recovery 

period was used before resting measurements for the PASS and ACT 

groups. During movement, HR and BP were measured during the movement 

bouts in the PASS and ACT groups. The HR was recorded continuously during 

each 2-min movement bout, and BP was measured at the 1-min point during 

each movement bout. 

 

Blood Sampling 
Blood samples were drawn from an antecubital vein using EDTA tubes 

(~10 mL) before and after prolonged sit- ting. Samples were centrifuged for 10 

min at 3,500 rpm at 4oC, and plasma samples were stored in microcentrifuge 

tubes at -80oC. Later analyses for NO bioavailability (total nitrate/nitrite) and 

endothelin-1 (ET-1) were measured with a nitrate/nitrite colorimetric assay kit 

(Cat. No. 780001, Cayman Chemical, Ann Arbor, MI) and an ET-1 ELISA kit 

(No. EIAET, Thermo Fisher Scientific, Waltham, MA), respectively, according to 

the manufacturer’s instructions. 

 

Autonomic Nervous System Activity Assessments 
Autonomic nervous system function was measured using HRV and a 

head-up tilt test. Each participant was fastened to the tilt table (9520 Manual 

Economy Tilt Table, Bailey Manufacturing, Lodi, OH) in a supine position 

(180o) for 20 min. HR was recorded for 2 min using the Suunto watch and 

band. Following the recording, the participant was tilted to 70o and was informed 



 

to stay as rested as possible. After 20 min at 70o, HR was recorded for 2 min. 

The raw RR interval data were extracted from these HR recordings and 

analyzed using Kubios HRV Standard (Kubios Oy, Boston, MA) software (32), 

and using participant total power, low frequency (LF) power, high frequency 

(HF) power, and LF/HF ratio were recorded and normalized (17, 33). 

 

Endothelial Function and Femoral Artery Blood Flow and Mean Arterial Shear Rate 
Flow-mediated dilation (FMD) was used to measure endothelial function in 

the brachial and popliteal arteries with a Doppler ultrasound system (Terason 

uSmart 3300, Terason Division Teratech Corporation, Burlington, MA), a 3-lead 

electrocardiogram system (7700 Series Trigger Monitor, Ivy Biomedical Systems 

Inc., Branford, CT), and a rapid-inflation cuff system (E20 Rapid Cuff and cuff 

model SC5, D.E. Hokanson, Bellevue, WA) as previously described (17). 

Popliteal artery FMD was assessed first with the rapid-inflation cuff secured just 

distal to the popliteal fossa with the participant prone, and brachial artery FMD 

was assessed second with the cuff placed just distal to the antecubital fossa 

with the participant supine. For both procedures, resting artery diameter was 

recorded 1–2 cm proximal to the cuff for 5 min with the ultrasound probe. The 

cuff then was inflated (250 mmHg) for 5 min. After cuff release, arterial diameter 

was recorded continuously for 5 min on R-wave trigger. Arterial images were 

analyzed with Vascular Research Tools 6 (Medical Imaging Applications, LLC, 

Coralville, IA). The most stable 30–60 s of baseline (including 2: 10 cardiac 

cycles) were averaged as the resting baseline arterial diameter (34) and percent 

changes were calculated as previously described (35). 

Femoral artery blood flow and mean shear rate were assessed with 

the ultrasound system (36). The common fem- oral artery was located with the 

probe ~1–2 cm distal to the inguinal ligament but proximal to the deep and 

superficial bifurcations at 10 MHz. The femoral artery diameter was 

measured at a perpendicular angle along the central axis of the artery. The 

blood velocity was collected at a frequency of 5 MHz with an insonation angle of 

≤ 60o. Second-by-second blood velocity was used to calculate mean velocity 



 

(Vm). Blood flow was calculated as Vm×π (vessel diameter/2)2 × 60, with blood 

flow in mL·min-1 (36). Mean shear rate was calculated as 4 x Vm/artery 

diameter (36). 

 

Pulse-Wave Velocity 
Measurements of arterial stiffness were assessed using pulse-wave 

velocity (PWV). Peripheral arterial stiffness was assessed with carotid-to-radial 

PWV, carotid-to-distal PWV, and lower limb PWV as previously described (17, 

37), and central arterial stiffness was assessed using carotid-to-femoral PWV as 

previously described with participants in the supine position (17). Briefly, carotid-

to-radial and carotid-to- distal PWV were measured using applanation tonometry 

(Complior Analyze, Alam Medical, Saint-Quentin-Fallavier, France). The pulse 

waveforms were recorded on the system for ~30–60 s. Lower extremity PWV 

was measured using applanation tonometry and an oscillometric cuff 

(SphygmoCor XCEL, AtCor Medical, Sydney, Australia) and calculated as 

previously described (37). Carotid-to- femoral PWV was assessed using the 

same XCEL system as previously described (17). 

 

Microvascular Circulatory Function 
Microvascular oxygenation was quantified using noninvasive near-infrared 

spectroscopy (NIRS) as previously described (17). This device provides 

continuous measurements of oxygenated ([HbO2]), deoxygenated ([HHb]), and 

total ([Hbtot]) hemoglobin levels as well as a tissue oxygenation index (TOI; i.e., 

[HbO2]/[Hbtot]). Briefly, the NIRS de- vice (PortaLite, Artinis, Eisteinweg, The 

Netherlands) was secured to the skin over the medial gastrocnemius of the dominant 

leg and wrapped with a commercially available black bandage with the participant in an 

upright seated position. A rapid-inflation cuff (model SC12D, D. E. Hokanson, Bellevue, 

WA) was placed just proximal to the knee. NIRS measurements were taken 

continuously throughout the entire protocol at a sampling rate of 10 Hz. Baseline 

measurements of tissue oxygen saturation were taken for 5 min. The cuff was inflated to 

275 mmHg for 5 min. Following deflation, tissue oxygen recovery was continuously 



 

recorded until the values became stable (38). 

 

Table 1. Participant characteristics at control (CON, n = 14), passive (PASS, n = 14), and 

active (ACT, n = 14) visits 

 CON, n = 14 PASS, n = 14 ACT, n = 14 

Body mass, kg 73.6 ± 13.3 72.6 ± 13.4 72.8 ± 13.1 

Body fat, % 17.5 ± 5.5 17.8 ± 3.5 16.9 ± 2.8 

BMI, kg/m2 24.5 ± 3.7 24.4 ± 3.8 24.3 ± 3.7 

Heart rate, beats/min 63.7 ± 8.0 67.5 ± 11.2 65.4 ± 5.8 

Systolic BP, mmHg 109.4 ± 10.6 109.8 ± 10.5 108.3 ± 10.9 

Diastolic BP, mmHg 67.9 ± 3.7 67.1 ± 7.2 69.3 ± 9.3 

MAP, mmHg 81.8 ± 6.0 81.3 ± 8.3 82.3 ± 9.8 

Leg muscle mass, kg 14.2 ± 3.1 14.1 ± 3.4 14.4 ± 3.2 
BMI, body mass index; BP, blood pressure; MAP, mean arterial pressure. Values are 
represented as means ± SD. One-way ANOVA. n, Number of subjects. 

 

Hemoglobin and myoglobin possess indistinguishable spectral 

characteristics in the NIRS signal; therefore, the signal is considered to be 

primarily derived from Hb (39). The signals were analyzed according to a 

modified Beer– Lambert’s law, and a constant differential pathlength factor was 

not used due to the assumption that constant optical scattering of the photons 

has been demonstrated to affect alterations in NIRS signals (40). Data were 

expressed as relative changes with respect to baseline as a percentage (TOI). 

Tissue reoxygenation was estimated by calculating the initial slope of TOI 

recovery, which has been used as an index of microvascular function (17, 41, 

42). 

 

Statistical Analysis 
The Shapiro–Wilk test was used to test normality of the data. A one-way 

ANOVA was used for group comparisons at baseline (CON, PASS, and ACT). 

A two-way analysis of variance (ANOVA) with repeated measures [group 

(CON, PASS, and ACT) x time (before and after 2.5 h of sitting)] was used to 



 

compare the difference of changes at pre- and post-sitting within and between 

groups. When a significant interaction was noted, Tukey’s test was used for 

post hoc comparisons. GraphPad Prism v. 9.0.2 (GraphPad Software, San 

Diego, CA) was used for statistical analyses. Statistical significance was set at P 

< 0.05. Data are presented as means ± SD unless otherwise noted. 

 
RESULTS 
Participant Characteristics and Calf Girth 

Participants (age: 23.6 ± 2.3 yr, height: 170.5 ± 7.6 cm, righthand grip 

strength: 38.5 ± 6.4 kg, left handgrip strength: 35.5 ± 6.4 kg) averaged 12,666 

± 2,743 steps per day and a V̇O2max of 46.4 ± 6.5 mL·kg-1·min-1, and participant 

characteristics were not different between study visits (Table 1). No adverse 

events were reported, and all participants were able to complete all experimental 

visits. Unlike ACT (Δ 0.5 ± 0.5 cm, P > 0.05), calf girth was significantly 

increased after sitting in CON (Δ 1.6 ± 0.2 cm, P < 0.05) and PASS (Δ 1.4 ± 0.3 

cm, P < 0.05). 

 

Heart Rate Variability 
No significant changes were observed (P > 0.05) within or between 

conditions for LF power (CON: Δ 3.7 ± 2.2 n.u., PASS: Δ 10.6 ± 2.2 n.u., ACT: Δ 

13.8 ± 3.8 n.u.) and HF power (CON: Δ 23.6 ± 2.2 n.u., PASS: Δ 210.6 ± 2.2 

n.u., ACT: Δ 213.9 ± 3.6 n.u.) (Table 2). However, the ΔLF/HF ratio in PASS (1.4 ± 

0.1) was significantly greater (P < 0.05) than CON (Δ 0.6 ± 1.1), and the 

Δ LF/HF ratio was significantlygreater (P < 0.05) in ACT (Δ 2.1 ± 0.6) compared with 

both CON and PASS (Table 2). 

 

Endothelial Function, Pulse-Wave Velocity, and Hemodynamics during Movement 
Popliteal artery FMD was significantly reduced (P < 0.05) after sitting in CON and 

PASS but preserved in ACT (P > 0.05). Post-ACT was significantly greater than post-

CON and post-PASS (P < 0.05) (Fig. 2A, Supplemental Fig. S1A; see 

https://doi.org/10.6084/m9.figshare.17708567). In addition, the sitting-induced reduction  

https://doi.org/10.6084/m9.figshare.17708567
https://doi.org/10.6084/m9.figshare.17708567


 

Table 2. Heart rate and heart rate variability, pulse-wave velocity, blood pressure, and 

arterial hemodynamics before and after prolonged sitting at the control (CON, n = 14), 

passive (PASS, n = 14), and active (ACT, n = 14) visits 
  CON, n = 14 PASS, n = 14 ACT, n = 14 
  Pre Post Δ Pre Post Δ Pre Post Δ 
Heart rate and HRV variables 
 Heart rate, 

beats/min 
63.7 ± 
8.2 

62.9 ± 
9.1 

-0.8 ± 
0.9 

67.5 ± 
11.2 

68.2 ± 
10.9 

0.6 ± 
0.3 

65.4 ± 
5.8 

61.5 ± 
9.6 

-3.9 ± 
3.8 

 Total power, ms2 4811.3 ± 
2646.2 

4155.5 ± 
2302.2 

-655.8 ± 
344.1 

4211.7 ± 
1006.1 

4163.9 
± 814.0 

-47.8 ± 
192.1 

4944.7 ± 
1089.5 

4556.1 
± 855.3 

-388.6 
± 233.7 

 4211.7 ± 1006.1 LF 
power, n.u. 

73.8 ± 
5.4 

77.4 ± 
3.3 

3.7 ± 
2.2 

66.6 ± 
6.7 

77.2 ± 
4.5 

10.6 ± 
2.2 

66.3 ± 
7.5 

80.2 ± 
3.7 

13.8 ± 
3.8 

 HF power, n.u. 26.1 ± 
5.5 

22.5 ± 
3.3 

-3.6 ± 
2.2 

33.4 ± 
6.7 

22.7 ± 
4.5 

-10.6 ± 
2.2 

33.6 ± 
7.5 

19.7 ± 
3.9 

-13.9 ± 
3.6 

 LF/HF ration 2.8 ± 4.1 3.4 ± 3.0 0.6 ± 
1.1 

2.0 ± 2.4 3.4 ± 
2.3 

1.4 ± 
0.1* 

2.0 ± 2.7 4.1 ± 
2.1 

2.1 ± 
0.6*† 

Pulse-wave velocity 
 Carotid-to-radial 

PWV, m/s 
8.7 ± 0.5 8.9 ± 0.3 0.2 ± 

0.2 
8.5 ± 0.3 8.6 ± 

0.4 
0.1 ± 
0.1 

8.5 ± 0.3 8.4 ± 
0.2 

-0.1 ± 
0.1 

 Carotid-to-ankle 
PWV, m/s 

7.9 ± 0.1 7.8 ± 0.2 -0.1 ± 
0.1 

8.2 ± 0.2 7.9 ± 
0.2 

-0.3 ± 
0.0 

7.9 ± 0.2 7.6 ± 
0.2 

-0.2 ± 
0.0 

 Carotid-to-Femoral 
PWV, m/s 

7.4 ± 0.3 7.5 ± 0.3 0.1 ± 
0.0 

7.2 ± 0.3 7.7 ± 
0.3 

0.5 ± 
0.6 

7.2 ± 0.3 7.5 ± 
0.3 

0.3 ± 
0.0 

 Femoral-to-ankle 
PWV, m/s 

10.1 ± 
0.8 

10.1 ± 
0.1 

0.0 ± 
0.7 

10.1 ± 
0.1 

10.2 ± 
0.1 

0.1 ± 
0.0 

10.1 ± 
0.2 

10.2 ± 
0.1 

0.1 ± 
0.0 

Blood pressure 
 Systolic BP, mmHg 109.6 ± 

3.0 
106.3 ± 
2.3 

-3.3 ± 
0.7 

110.3 ± 
1.9 

107.3 ± 
2.2 

-3.0 ± 
0.2 

109.1 ± 
2.8 

111.6 ± 
3.0 

2.5 ± 
0.2 

 Diastolic BP, 
mmHg 

67.2 ± 
1.4 

67.2 ± 
2.3 

0.0 ± 
1.0 

67.5 ± 
2.4 

67.3 ± 
2.0 

-0.2 ± 
0.4 

65.9 ± 
2.0 

65.1 ± 
1.7 

-0.8 ± 
0.3 

 MAP, mmHg 81.0 ± 
1.6 

80.6 ± 
1.2 

-0.4 ± 
0.4 

79.0 ± 
1.1 

81.3 ± 
2.2 

2.3 ± 
1.1 

78.3 ± 
1.2 

79.2 ± 
1.4 

0.9 ± 
0.2 

Shear rate and blood flow 
 CFA shear rate, s-1 355.5 ± 

23.2 
235.7 ± 
17.6* 

-119.8 ± 
5.6 

346.6 ± 
22.7 

250.1 ± 
13.5* 

-96.5 ± 
9.2 

356.1 ± 
20.3 

453.3 ± 
23.3*† 

97.2 ± 
3.1 

 CFA blood flow, 
mL·min-1 

362.2 ± 
14.8 

250.3 ± 
17.6* 

-112.0 ± 
2.8 

358.6 ± 
14.6 

281.6 ± 
16.2* 

-77.0 ± 
1.6 

356.2 ± 
14.5 

427.4 ± 
17.4*† 

71.2 ± 
2.9 

Heart rate variability metrics are normalized to total power (n.u.). BP, blood pressure; CFA, 
common femoral artery; HF, high frequency; LF, low frequency; MAP, mean arterial pressure; 
PWV, pulse-wave velocity. Values are represented as means ± SE. Two-way ANOVA with 
repeated measures and Tukey’s post hoc test. *P < 0.05 vs. pre. †P < 0.05 vs. PASS and ACT; 
n, number of subjects. 
 

in popliteal artery FMD (CON: Δ 23.6 ± 0.4% and PASS: Δ 23.2 ± 0.4%) was 

significantly less in ACT (Δ 20.2 ± 0.2%) (Fig. 2B). Brachial artery FMD was significantly 

reduced (P < 0.05) after sitting in CON and PASS but was preserved (P > 0.05) in ACT. 

Post-ACT was significantly greater than post-CON and post-PASS (P < 0.05) (Fig. 2C, 

Supplemental Fig. S1B). The sitting-induced change in brachial artery FMD (CON: Δ 



 

23.6 ± 0.5% and PASS: Δ23.3 ± 0.4%) was significantly less in ACT (Δ 20.7 ± 0.4%) 

(Fig. 2D). In contrast, pulse-wave velocity was not significantly different within and 

between conditions (Table 2). During active movement, there was an increase in 

femoral mean arterial shear rate (Δ 269.7 ± 18.8 s-1, P < 0.05) but not during passive 

movement (Δ 30.5 ± 4.9 s-1, P > 0.05). Brachial artery mean shear rate did not increase 

(P > 0.05) during active movement (Δ 11.3 ± 4.3 s-1) or passive movement (Δ 6.0 ± 3.9 

s-1). 

 

Blood Pressure and Heart Rate at Rest and during Movement 
There were no significant differences (P > 0.05) in resting HR, SBP, DBP, 

or MAP within or between groups at rest during prolonged sitting (Table 3). 

During movement, ACT demonstrated significantly greater (P < 0.05) HR and 

systolic BP at several time points compared with both CON and PASS (Table 

3). 

 

Microvascular Circulatory Function 
Following cuff deflation, TOI recovery rate was significantly blunted (P < 

0.05) after sitting in CON, and post-CON was significantly lower (P < 0.05) than 

post-PASS and post- ACT, whereas post-ACT was significantly greater (P < 

0.05) than post-PASS (Fig. 3A, Supplemental Fig. S2). In addition, sitting-induced 

reduction in TOI recovery rate (post - pre, ∆) in CON (∆ 212.1 ± 1.4%·min-1) was 

significantly lower (P < 0.05) than PASS (∆ 23.4 ± 2.0%·min-1) and ACT (∆ 4.2 ± 

1.3%·min-1), and PASS was significantly lower than ACT (Fig. 3B). 

 
Vasoactive Metabolites 

Total plasma nitrate/nitrite was significantly reduced (P < 0.05) after sitting 

in CON (∆ 29.9 ± 3.2 nM) and PASS (∆ 212.2 ± 3.6 nM), whereas it was not 

significantly changed (P > 0.05) in ACT (∆ 0.4 ± 4.4 nM) (Fig. 4A, Supplemental 

Fig. S3A). In addition, post-ACT was significantly greater (P < 0.05) than post-

CON and post-PASS. Plasma levels of ET-1 were significantly reduced (P < 0.05) 

after sitting in ACT (∆ 21.2 ± 0.3 pg/mL), which were significantly lower than post- 



 

CON (D 0.8 ± 0.3 pg/mL) and post-PASS (∆ 20.7 ± 0.5 pg/mL) (Fig. 4B, 

Supplemental Fig. S3B). There was a trend (P = 0.07) for a lower total 

nitrate/nitrite to ET-1 ratio after sitting in CON (∆ -162.3 ± 43.0), but remained 

statistically similar (P > 0.05) after sitting in PASS (∆ -141.3 ± 67.5) and ACT (∆ 

83.9 ± 62.3) (Fig. 4C, Supplemental Fig. S3C). However, the total nitrate/nitrite to 

ET-1 ratio in post-CON and post-PASS was significantly lower (P < 0.05) than post-

ACT (Fig. 4C, Supplemental Fig. S3C). 

Figure 2. Flow-mediated dilation (FMD, %) and change (pre to post) in FMD (%) in the brachial and popliteal 
arteries pre- and post-prolonged sitting in control (CON, n = 14), passive movement (PASS, n = 14), and active 
(ACT, n = 14) groups. A: popliteal artery FMD was significantly reduced after prolonged sitting in the CON and 
PASS groups, whereas FMD was maintained after prolonged sitting in the ACT group. Post-CON and post-
PASS FMDs were significantly lower than post-ACT. B: the reduction in popliteal artery FMD was significantly 
greater in both CON and PASS groups compared with the ACT group. C: brachial artery FMD was 
significantly reduced after prolonged sitting in the CON and PASS groups, whereas FMD was maintained in 
the ACT group. Post-CON and post-PASS FMDs were significantly lower than post-ACT. D: the reduction in 
brachial artery FMD was significantly greater in both CON and PASS groups compared with the ACT group. 
Values are represented as means ± SE. A and C: two-way ANOVA with repeated measures and Tukey’s 
post hoc test. B and D: one-way ANOVA and Tukey’s post hoc test. *P < 0.05 vs. Pre. †P < 0.05 vs. ACT. 



 

Table 3. Physiological outcomes every 30 min during sitting and during movement 
at the control (CON, n = 14), passive (PASS, n = 14), and active (ACT, n = 14) 
visits 

 CON, n = 14 PASS, n = 14 ACT, n = 14 
Time, Min 30 60 90 120 150 30 60 90 120 150 30 60 90 120 150 
Physiological outcomes during sitting 
 Heart rate, 

beats/min 
60.
7 ± 
1.7 

61.
2 ± 
1.6 

59.
5 ± 
1. 

60.5 
± 1.6 

59.3 
± 2.2 

63.
5 ± 
2.6 

59.
8 ± 
3.2 

57.
7 ± 
2.5 

58.8 
± 2.7 

56.4 
± 2.5 

62.
7 ± 
2.9 

63.
1 ± 
2.2 

63.
2 ± 
2.9 

63.6± 
2.7 

62.6 ± 
2.3 

 Systolic BP, 
mmHg 

100
.9 ± 
3.1 

102
.7 ± 
3.1 

104
.3 ± 
1.8 

106.
6 ± 
2.2 

110.
6 ± 
2.7 

103
.4 ± 
1.7 

102
.9 ± 
1.8 
 

108
.3 ± 
1.3 

104.
5 ± 
2.4 

107.
3 ± 
2.3 

109
.2 ± 
2.2 

110
.8 ± 
2.0 

112
.0 ± 
2.6 

113.1 
± 2.3 

113.0 
± 2.6 

 Diastolic BP, 
mmHg 

65.
6 ± 
3.3 

66.
0 ± 
1.5 

65.
3 ± 
2.0 

66.2 
± 1.2 

69.5 
± 1.2 
 

64.
4 ± 
1.7 

64.
1 ± 
1.3 

67.
4 ± 
2.0 

65.4 
± 1.4   

67.3 
± 2.0   

66.
1 ± 
1.7 

65.
7 ± 
1.3 

64.
6 ± 
1.6 

66.8 ± 
1.8 

65.6 ± 
1.6 

 MAP, mmHg 77.
3 ± 
3.1 

78.
2 ± 
3. 

78.
3 ± 
1.8 

79.7 
± 2.2 

83.2 
± 2.7 

77.
4 ± 
1.7 

77.
0 ± 
1.8 

81.
0 ± 
1.3 

78.4 
± 2.4 

80.6 
± 2.3 

80.
5 ± 
2.7 

80.
7 ± 
2.4 

80.
4 ± 
3.6 

82.2 ± 
3.1 

81.4 ± 
3.3 

Physiological outcomes during movement 
 Heart rate, 

beats/min 
60.
7 ± 
1.7 

61.
2 ± 
1.6  

59.
5 ± 
1.8 

60.5 
± 
1.6 

59.3 
± 2.2 

63.
5 ± 
2.6 

60.
6 ± 
2.3   

61.
3 ± 
2.5 

61.9 
± 2.7 

62.6 
± 2.9 

81.
5 ± 
2.7*
† 

80.
2 ± 
2.5*
† 

82.
8 ± 
2.0*
† 

83.8 ± 
2.5*† 

83.9 ± 
2.3*† 

 Systolic BP, 
mmHg 

100
.9 ± 
3.1 

102
.7 ± 
3.1 

104
.2 ± 
1.8 

106.
6 ± 
2.2 

110.
6 ± 
2.7 

103
.9 ± 
2.1 

103
.7 ± 
1.9    

109
.1 ± 
2.3  

105.
1 ± 
2.1 

107.
8 ± 
1.2   

110
.9 ± 
1.7 

117
.5 ± 
3.6*
† 

116
.5 ± 
3.1*
† 

116.3 
± 2.2*† 

115.5 
± 1.7 

 Diastolic BP, 
mmHg 

65.
6 ± 
1.1 

66.
6 ± 
3.3 

66.
0 ± 
1.5 

65.3 
± 2.0 

66.2 
± 1.2 

64.
9 ± 
2.2 

65.
9 ± 
1.7 

65.
8 ± 
1.4 

65.9 
± 2.7 

67.5 
± 1.2 

68.
2 ± 
2.8 

67.
4 ± 
2.5 

67.
1 ± 
2.2 

67.6 ± 
1.6 

67.2 ± 
1.4 

 MAP, mmHg 77.
4 ± 
3.0 

77.
9 ± 
3.2 

78.
8 ± 
1.8 

79.1 
± 2.2 

81.0 
± 2.5 

78.
6 ± 
2.3 

78.
4 ± 
2.6 

80.
3 ± 
3.0 

80.0 
± 2.4 

80.9 
± 2.2 

81.
9 ± 
2.7 

83.
9 ± 
2.8 

83.
9 ± 
3.0 

83.6 ± 
3.2 

83.1 ± 
1.8 

BP, blood pressure; MAP, mean arterial pressure. Values are represented as means ±SE. Two-way ANOVA with 
repeated measures and Turkey’s post hoc test. *P < 0.05 vs. CON. †P < 0.05 vs. PASS. 
 
Indirect Calorimetry 

Indirect calorimetry was measured in a subset of participants (n = 8) and 

indicated a significant increase (P < 0.05) in FECO2 in the hypercapnic condition 

(CO2 ~1,500 ppm) compared with a normocapnic condition (CO2 ~400 ppm) 

(Fig. 5A) and resulted in a significant increase (P < 0.05) in tidal volume (Vt) 

(Fig. 5B). 

 

DISCUSSION 
The goal of this study was to comprehensively examine the effects of short 



 

duration passive and low-intensity active lower limb movement during prolonged 

sitting in a mild hypercapnic environment on autonomic nervous system activity, 

peripheral endothelial function, arterial stiffness, and microvascular circulatory 

function in healthy young adults. The main findings of the study were that 1) 

prolonged sitting combined with a mild hypercapnic environment impaired both 

popliteal and brachial artery endothelial function along with microvascular 

reoxygenation, 2) brief periods of sitting interruption using passive lower limb 

movement preserved microcirculatory function measured by NIRS, whereas both 

brachial and popliteal artery FMD remained impaired, 3) sitting interruptions with 

short duration low-intensity active movement ablated the deleterious effect of 

prolonged sitting in a mild hypercapnic environment on both microcirculatory 

function and FMD (popliteal and brachial arteries), pre- served total plasma 

nitrate/nitrite, and decreased ET-1 levels, and 4) both passive and active 

movement induced a shift toward greater activation of the sympathetic nervous 

system (SNS) relative to the parasympathetic nervous system (PNS) measured by 

the ratio of LF/HF. Together, these findings suggest only a partial protection from 

passive leg movement to interrupt prolonged s itting in a mild hypercapnic 

environment, whereas short-duration low-intensity active movement elicited a robust 

protection on both microvascular and macrovascular function from prolonged sitting, 

which appears to be mediated through both hemodynamic changes and blood 

circulating factors (adequate balance between NO bioavailability and the potent 

vasoconstrictor ET-1). Also, our results suggest that sympathetic outflow likely did not 

play a major role in the adverse effects of prolonged sitting in mild hypercapnic 

environment on macrovascular and microvascular function. 

 

Effect of Prolonged Sitting in a Mild Hypercapnic Environment on Vascular Function 
In line with our previous results (17), prolonged sitting combined with a 

mild hypercapnic environment substantially attenuated popliteal artery 

endothelial function (Δ 23.6 ± 0.4%, Fig. 2, A and B, Supplemental Fig. S1A). It 

is noteworthy that the magnitude of this change is higher than the specific effect 

of prolonged sitting (3–6 h) on popliteal artery FMD (22.51%) estimated in a  



 

 

 
Figure 3. Measurements of microvascular circulatory function before and after prolonged sitting in control 
(CON, n = 14), passive movement (PASS, n = 14), and active movement (ACT, n = 14) groups. A: tissue 
oxygenation index (TOI) recovery rate (%·min-1) was significantly reduced after sitting in the CON group, and 
post-CON was significantly lower than both post-PASS and post-ACT. Post-ACT was significantly greater than 
both post-CON and post- PASS. B: reduction in TOI recovery rate (%·min-1) was significantly greater in CON 
compared with PASS and ACT, and the reduction in PASS was significantly greater than ACT. Values are 
represented as means ± SE. A: two-way ANOVA with repeated measures and Tukey’s post hoc test. B: 
one-way ANOVA and Tukey’s post hoc test. *P < 0.05 vs. Pre. †P < 0.05 vs. PASS. ‡P < 0.05 vs. ACT. 

 

recent meta-analysis (43). In addition, brachial artery FMD (Δ -3.6 ± 0.5%) was 

also significantly blunted following sitting in a mild hypercapnic environment in 

this study (Fig. 2, C and D, Supplemental Fig. S1B) and in our previous work 

(17). These findings sup- port the compounding effect of a mild hypercapnic 

environment during sitting on vascular function, as prolonged sitting alone is not 

associated with changes in brachial artery FMD (43). In addition, we also 

confirmed our previous findings (17) of impaired microcirculation in the lower 

extremity skeletal muscle. Specifically, we found that the rate of micro- vascular 

reoxygenation measured in the lower limb by NIRS, a commonly used index of 

microvascular function (41, 42), is blunted after prolonged sitting in a mild 

hypercapnic environment (Fig. 3, A and B, Supplemental Fig. S2). 

Several mechanisms may be underlying these vascular deficits. In our 

previous study (17), the mechanism(s) by which a mild hypercapnic 

environment exacerbates lower extremity vascular dysfunction were not entirely 

clear. We proposed that alterations in local hemodynamics and imbalances 

in vasoactive mediators rather than autonomic function were likely mechanisms 

(17), and these conjectures are partially confirmed in this work. It appears that 

the negative effects of prolonged sitting on the vasculature are not due to 



 

 

autonomic dysregulation, as we noted these decrements in vascular function 

occurred without any significant change in autonomic nervous system activity as 

inferred from several metrics of heart rate variability (LF power, HF power, 

LF/HF ratio) (Table 2). Also, resting heart rate, MAP, and arterial stiffness 

measured by PWV in several locations of the arterial vasculature (carotid-to-

radial, carotid-to- ankle, carotid-to-femoral, and femoral-to-ankle) were not 

affected after sitting (Table 2), which suggests that the attenuations of vascular 

endothelial function and microcirculation are likely due to local hemodynamic 

and/or blood circulating factors. 

A commonly proposed pair of mechanisms underlying sit- ting-induced 

impairments in macrovascular endothelial function is a reduction in arterial shear 

stress and an increase in lower extremity venous pooling (7, 24, 44, 45). Together, 

these factors may impair the signal-transduction cascade for NO production and 

ET-1 release, resulting in an imbalance toward a vasoconstrictive state in the 

resistance vessels (46). Our results are consistent with these mechanisms, as calf 

girth, a proxy for blood pooling, was significantly increased (Δ 1.6 ± 0.2 cm) after 

sitting in CON and was concomitant to a lower femoral artery mean shear rate 

(Δ 2119.8 ± 5.6 s-1) (Table 2). Therefore, blood pooling in the lower extremity may 

have reduced limb blood flow and arterial shear stress, ultimately resulting in lower 

endothelial-mediated dilation in the lower limb (45, 47). 

Interestingly, it is unlikely that attenuated arterial shear stress contributed 

to the reductions in brachial artery FMD, given that we allowed for small arm 

movements, similar to previous studies (17, 24, 48). Both Restaino et al. (24) 

and Thosar et al. (48) reported local hemodynamic alterations in the brachial 

artery following prolonged sitting, but brachial artery FMD was not changed. 

Therefore, it may be more likely that alterations in circulating factors, rather than 

local hemodynamic changes, are the mechanism underlying the reduction in 

brachial FMD after prolonged sitting in a mild hypercapnic environment. We 

found that total plasma nitrate/nitrite from the systemic circulation was 

significantly lower after sitting, thus suggesting a lower NO bioavailability (Fig. 

4A, Supplemental Fig. S3A). In addition, ET-1, a potent vasoconstrictor, was not 



 

 

decreased in this condition, thus ruling out a potential contribution from this 

vasoactive molecule to sitting-induced endothelial dysfunction (Fig. 4B, 

Supplemental Fig. S3B). These results are consistent with our previous findings 

in a similar population of young healthy adults (17) and suggest that attenuated NO 

and/or a potential NO bioavailability/ET-1 ratio imbalance (Fig. 4C, Supplemental 

Fig. S3C), rather than excessive ET-1 release, may be a key contributing 

mechanism underlying sitting- induced endothelial dysfunction in a mild hypercapnic 

environment. 

 
Figure 4. Total plasma nitrate/nitrite levels (nM), endothlin-1 levels (pg/mL), and total plasma nitrate/nitrite to 
endothelin-1 ratios pre- and post-pro- longed sitting in control (CON, n = 10), passive (PASS, n = 10), and 
active (ACT, n = 10) groups. A: total plasma nitrate/nitrite was significantly reduced after prolonged sitting 
in the CON and PASS groups, whereas it was maintained in the ACT group. Post-CON and post-PASS were 
significantly lower than post-ACT. B: endothelin-1 was significantly reduced after prolonged sitting in the ACT 
condition, and post-ACT was significantly greater than post-CON and post-PASS. C: the total plasma 
nitrate/nitrite to endothelin-1 ratio in post-CON and post-PASS was significantly lower than post-ACT. Values 
are represented as means ± SE. Two-way ANOVA with repeated measures and Tukey’s post hoc test. *P < 
0.05 vs. Pre. †P <0.05 vs. ACT 



 

 

Although most previous studies have been centered around 

macrovascular dysfunction as a consequence of prolonged sitting, 

microvascular reactivity (Fig. 3, A and B, Supplemental Fig. S2) also appears 

to be blunted after prolonged sitting (49–52). We and others have proposed 

vasoactive substance imbalance as a potential mechanism (17, 50) as 

confirmed by the attenuated NO bioavailability (Fig. 4A, Supplemental Fig. 

S3A). Combined with reduced mean arterial shear rate (Table 2), these findings 

support the notion that local hemodynamic and circulating fac- tors, such as 

reduced peripheral arterial shear stress and NO bioavailability, may be 

responsible for the reduction in microvascular function. 

 
Figure 5. Fraction of end tidal carbon dioxide (FECO2) and tidal volume (Vt) during sitting time in ambient 
(CO2 = 400 ppm) and mild hypercapnic (CO2 = 1,500 ppm) conditions in a subset of participants. A: FECO2 
is significantly higher in a mild hypercapnic condition (n = 8) at all time points compared with FECO2 in an 
ambient condition (n = 8). B: Vt is significantly higher in a mild hypercapnic condition (n = 8) at 4 min, 12 min, 
14 min, 16 min, and 150 min compared with Vt in an ambient condition (n = 8). Values are represented as 
means ± SE. Two-way ANOVA with repeated measures and Tukey’s post hoc test. *P < 0.05 vs. ambient. 



 

 

Sitting Interruptions with Passive Leg Movement Elicit Different Effects on Macro- and 
Microcirculatory Function 

Passive leg movement has been reported to elicit beneficial central and 

peripheral hemodynamic responses through mechanical compression of the 

vasculature stimulating NO release and through the likely activation of group III 

muscle afferents feedback in healthy and clinical populations (20– 23). A novel 

aspect of the present work was to investigate the potential protective effects of 

brief periods of sitting interruption using passive leg movement. As expected, 

passive leg movement triggered SNS activity and elicited a detectable 

peripheral hemodynamic response, as indicated by both an increase in LF power 

(Δ 51.0 ± 2.5 n.u.) and mean femoral artery shear rate (Δ 30.5 ± 4.9 s-1) during 

movement. However, somewhat contrary to our hypothesis, passive limb movement 

did not protect macrovascular endothelial function from the detrimental effects 

of sitting, as indicated by significantly lower popliteal artery FMD (Δ -3.2 ± 0.4%) 

and brachial artery FMD (Δ -3.3 ± 0.4%) (Fig. 2, Supplemental Fig. S1), whereas 

postischemia microvascular reoxygenation of the lower limb, an index of 

microcirculatory reactivity, was preserved (Fig. 3, A and B, Supplemental Fig. S2). 

Interestingly, these functional effects occurred in conjunction with decreased 

systemic levels in total plasma nitrate/nitrite (Δ -12.2 ± 3.6 nM, P < 0.05, Fig. 4A, 

Supplemental Fig. S3A) and blood pooling (calf girth: Δ 1.4 ± 0.3 cm, P < 0.05) 

as a consequence of sitting. 

The apparent dissociation between macrocirculatory and microcirculatory 

function in response to sitting interruption by passive leg movement provides 

some interesting insights into sitting-induced vascular dysfunction. It has indeed 

been documented that the passive leg movement hyperemic response is largely 

(~80%) NO-mediated and is mainly driven by downstream microvascular dilation 

(20, 53–55). In this study, it may be speculated that the intermittent increases in 

shear stress induced by passive leg movement upregulated NO production in 

the microcirculation, and in turn, protected microcirculatory function from the 

deleterious effects of prolonged sitting. However, the magnitude of this stimulus 

was not sufficient to provide a robust and sustainable increase in blood flow 



 

 

(and therefore shear stress) and prevent blood pooling, ultimately resulting in 

lower systemic NO bioavailability (Fig. 4A, Supplemental Fig. S3A). These 

results collectively suggest that passive movement may offer microvascular but 

not macrovascular protection during prolonged sitting in a mild hypercapnic 

environment. 

 

Sitting Interruptions with Short-Duration Low-Intensity Active Leg Movement (Group III 
and Group IV Activation) Fully Protect Vascular Function 

Despite growing evidence that prolonged sitting compromises vascular 

function, the development of effective strategies to protect the vasculature from 

the effects of sitting is still in its infancy. Interestingly, sitting interruption with short 

bouts (2 min) of low-intensity active leg movement (13 W) was performed every 30 

min, which elicited a modest increase in femoral artery mean shear rate (Δ 97.2 ± 

3.1 s-1) and prevented significant venous pooling (calf girth: Δ 0.5 ± 0.5 cm, P > 

0.05), was sufficient to fully protect vascular endothelial function in both the 

popliteal (Δ -0.2 ± 0.2%) and brachial arteries (Δ -0.7 ± 0.4%) (Table 2, Fig. 2, 

Supplemental Fig. S1) in this study. In addition, microvascular reoxygenation 

postischemia was fully preserved after sitting in the ACT condition (Δ 4.2 ± 

1.3%·min-1) (Fig. 3, Supplemental Fig. S2). 

The protective effect on vascular function of the exercise modality used in 

this study has several implications in terms of strategies to interrupt sitting. First, 

this finding indicates that even modest (~ 570 s-1) increases in shear rate are 

sufficient to preserve vascular function from prolonged sitting. For context, the 

transient increase in peak shear rate induced in this study by cycling at 13 W is 

quantitatively similar to the changes resulting from 10 calf raises (26). Second, the 

total activity duration was only 10 min (5 times, 2 min) over the 2.5 h of sitting thus 

suggesting that even a brief period of sitting interruptions can elicit a protection to 

sitting-induced vascular dysfunction. Our results thus confirm the results of previous 

studies that used more frequent and longer period of muscle activity (15–45 min) to 

protect vascular function (6, 19), and extend this finding to even shorter (10 min/3 h) 

low- intensity muscle contraction. In contrast, Peddie et al. (56) did not report a 



 

 

beneficial effect of standing or walking for the same total activity durations (2 min 

every 30 min). However, both interventions induced a marginal change in shear 

rate (< 60 s-1), i.e., 10 times lower than this study. 

The bent-artery system, unique to sitting, has been shown to alter shear 

rate profiles and enable turbulent flow (7). In ACT, it is probable that increased 

shear rate due to the periodic movement bouts (Δ 269.7 ± 18.8 s-1) intermittently 

produced more favorable shear and flow profiles (i.e., greater laminar flow as 

opposed to turbulent flow), thus resulting in NO production and ET-1 attenuation 

(46, 57). This increased shear rate also may be explained by increased local 

skeletal muscle metabolite accumulation (e.g., potassium, adeno- sine, hydrogen 

ions, phosphates, etc.), which may also alter local vasomotor responses. Herein, 

we measured both total plasma nitrate/nitrite and ET-1 concentrations. Unlike CON 

during which plasma nitrate/nitrite levels were decreased, brief bouts of repeated 

muscle contraction were sufficient to maintain plasma nitrate/nitrite levels, which in 

turn were significantly greater than post-CON and post-PASS (Fig. 4A, 

Supplemental Fig. S3A). In addition, ET-1 levels were significantly decreased after 

ACT (Fig. 4B, Supplemental Fig. S3B). As a result, the NO bioavailability/ET-1 

ratio was significantly higher (P < 0.05) after sitting in the ACT condition compared 

with both post-CON and post-PASS (Fig. 4C, Supplemental Fig. S3C). Interestingly, 

heterogeneous findings regarding vasoactive substances have been noted in 

previous work. This may be due to the intensity of the stimuli used during prolonged 

sitting (8, 26). Evans et al. (58) found that calf raises performed while seated (10 

repetitions every 10 min at 0.3 Hz) over 3 h of prolonged sitting did not alter 

circulating ET-1 concentrations. However, Climie et al. (8) had participants perform 

a series of body weight resistance exercises (3 min every 30 min at 0.5 Hz) over 5 h 

of pro- longed sitting, and they found an ablated rise in ET-1 levels and no changes 

in total plasma nitrate/nitrite. In this study, we controlled for frequency (2 min every 

30 min at 1 Hz) and used a constant workload (13 W). Based on the number of 

repetitions performed in our study (120 repetitions every 30 min), our stimulus 

may be considered more comparable with that of Climie et al. (90 repetitions 

every 30 min) (8), which may be why our circulating vasoactive substance 



 

 

findings are more similar to their work as opposed to Evans et al. (30 repetitions 

over 30 min) (26). 

In addition, the preservation of circulating factors, rather than increases in 

local arterial shear stress, may be the mechanism underlying the protection of 

brachial FMD in the ACT group. Brachial artery mean shear rate does not 

significantly increase during an active movement bout (Δ 11.3 ± 4.3 s-1), 

whereas femoral artery mean shear rate increases (Δ 269.7 ± 18.8 s -1). These 

findings are aligned with that of Restaino et al. (24), as they found that a 10-min 

walking bout after prolonged sitting restored lower extremity but not upper 

extremity hemodynamics. The preservation of circulating factors, as mediated by 

lower extremity arterial shear stress (59–62), may be a primary factor underlying 

brachial artery FMD preservation in ACT. However, future investigation of upper 

extremity hemodynamics in conjunction with circulating biomarkers during 

prolonged sitting in a mild hypercapnic environment is warranted to further 

understand these potential mechanisms. 

Together, these findings indicate that short-duration low- intensity 

muscular contraction is sufficient to preserve vasomotor balance and prevent 

both macrovascular (Fig. 2, Supplemental Fig. S1) and microvascular 

endothelial dysfunction (Fig. 3, Supplemental Fig. S2) during prolonged sit- ting 

in a mild hypercapnic environment. The combination of the likely group III/IV 

muscle afferent activation in ACT also induced a rise in sympathetic output 

(indicated by LF power) compared with baseline, which elicited increases in 

HR and likely contributed to reduce blood pooling through venoconstriction. 

Combined with local change in vasomotor tone, these reflex mechanisms likely 

contributed to increased local lower extremity shear stress and venous return as 

well as circulating vasoactive substances, thus bolstering the protective effects 

of low-intensity exercise on vascular function against prolonged sitting in a mild 

hypercapnic environment. 

 

Experimental Considerations 
As expected, we found that the fraction of expired CO2 (FECO2) was 



 

 

significantly increased (P < 0.05) resulting in increased tidal volume (Vt) and 

ventilation rate (P < 0.05) during sitting in hypercapnia when compared with 

normocapnia condition (Fig. 5, A and B). The increase in FECO2 and Vt 

confirms that our experimental condition (CO2 ~1,500 ppm) was sufficient to 

trigger peripheral chemoreceptor activation (63–66). Despite this stimulation of 

ventilation, the mild hypercapnic environment did not appear to significantly 

increase sympathetic nerve activity measured from heart rate variability metrics 

and did not trigger changes in MAP, suggestive of changes in total peripheral 

resistance (Tables 2 and 3). To examine the roles of chemoreceptor activation 

during prolonged sitting in mild hypercapnic environment, blood pH, CO2, and 

O2 level assessments are warranted in future work. 

Previous research has used both passive and active movement to activate 

group III and group III/IV afferents, respectively, in human research (20, 55, 67, 

68). Although we did not directly assess muscle afferent activation, we have 

evidence that may indirectly support the activation of these afferents. Although 

our resting post-sitting HRV data show that both LF (represents sympathetic 

activity) and HF (represents para- sympathetic activity) were not significantly 

changed after prolonged sitting in CON, PASS, or ACT within a mild 

hypercapnic environment, the change in sympathetic dominance (ΔLF/HF) was 

significantly higher (P < 0.05) in PASS and ACT compared with CON (Table 2). 

These results could potentially be due to the muscular contraction-induced 

increase in LF during passive movement [group III stimulation (Δ 51.0 ± 2.5 n.u.)] 

and during active movement [the combination of group III/IV stimulation (Δ 64.1 ± 

2.5 n.u.)]. Of note, previous studies suggested that passive leg movement alone 

has been shown to increase sympathetic output, which then leads to increases in 

cardiac output and heart rate, whereas limb blood flow concomitantly increased 

(69, 70). Although we used a similar passive leg movement strategy (69, 70), our 

results indicated no significant changes in heart rate, shear rate, and local leg 

blood flow (Tables 2 and 3), which might be attributed to the effect of prolonged 

sitting on the hemodynamic response to passive leg movement (52, 71). We 

speculate that these results supply indirect evidence of group III and group III/IV 



 

 

afferent activation in response to passive and active leg movement; however, a 

more direct assessment of afferent activation is warranted in future work, such 

as MSNA. 

We did not normalize FMD to a shear stimulus, and since this is the first 

of several follow-up studies to our previous work (17), the authors deemed it 

appropriate to keep protocols and methods as similar as possible to make 

appropriate comparisons between the two studies. Although our FMD values in 

this study are relatively consistent with our previous work using the same 

methods in healthy young adults (17, 35) and show that the study population is 

relatively healthy according to FMD reference intervals (72), it has been recently 

recommended by Thijssen et al. (73) that some form of shear stimulus normalization 

should be considered for FMD; however, the preferred method of normalization 

(e.g., AUC or peak shear rate) is not entirely clear. In addition, we did not perform 

control experiments with participants in the supine position. Walsh et al. (7) 

performed a study that showed prolonged leg bending (resemblant of the sitting 

position) attenuates popliteal artery endothelial function when compared with an 

internal control (straight leg). Therefore, in a supine position, we may be able to 

better understand the impacts of a mild hypercapnic environment alone on 

macrovascular and microvascular function, as the “arterial bending” component 

that is unique to sitting would be eliminated. Finally, we do not know the impacts of 

a mild hypercapnic environment alone on total plasma nitrate/nitrite, as we did not 

collect blood samples in our previous study to analyze for these biomarkers (17). 

Climie et al. (8) demonstrated that total plasma nitrate/nitrite was unchanged 

after 5 h of prolonged sitting. It may be appropriate to speculate that the additive 

effects of a mild hypercapnic environment to prolonged sitting exacerbated the 

vasoactive substance imbalance, but further research is warranted. 

 

Conclusion and Clinical Implications 
This study further confirmed that prolonged sitting in a mild hypercapnic 

environment greatly attenuates peripheral macrovascular endothelial function 

and microvascular function. Our findings support the notion that local 



 

 

hemodynamic and/or blood circulating factors, such as reduced peripheral arterial 

shear stress and NO bioavailability, may be likely mechanisms underlying the 

reduction in vascular function after prolonged sitting. Interestingly, when sitting was 

interrupted by short bouts of passive leg movement, which reflexively activated the 

sympathetic nervous system through likely group III muscle afferent feedback and 

stimulated a movement-induced hyperemic response, only micro- vascular reactivity 

was preserved whereas macrovascular endothelial function was not protected. In 

contrast, sitting interruptions by short-duration low-intensity exercise eliciting a small 

increase in blood flow every 30 min (~Δ 70 mL·min-1) were sufficient to restore 

vasomotor balance (higher NO bioavailability/ET-1 ratio), increase shear rate, and 

reduced blood pooling. These changes in local lower extremity hemodynamics and 

systemic circulating factors are likely mechanisms that served to protect both 

macrovascular and microvascular function. As the experimental conditions 

represent everyday environments such as offices or class- rooms, the present 

findings provide additional insight into effective strategies to preserve vascular 

endothelial function to limit the deleterious effects of prolonged sitting. 
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