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Abstract
Introduction: It is unknown if there are limb differences in vascular function during prolonged sitting.
Purpose: This study was designed to test whether the effects of prolonged sitting on brachial artery (BA) and the
superficial femoral artery (SFA) are similar.
Methods: Twelve men (24.2 ± 4 yrs.) participated in a 3 hr prolonged sitting trial (SIT). SFA and BA flow mediated
dilation (FMD) and respective flow patterns were measured at baseline, 1 hr, 2 hr and 3 hr.
Results: By a one-way ANOVA there was a significant decline in SFA FMD during 3 hrs of SIT (p < 0.001). Simultaneously,
there was a significant decline in antegrade (p = 0.04) and mean (0.037) shear rates. By a one way ANOVA there were no
significant differences in BA FMD during 3 hrs of sitting. There were no changes in the shear rates in the BA except for a
significant decrease in antegrade shear rate (p = 0.029) and a significant increase in oscillatory shear index (p = 0.034)
during 3 hrs of sitting. Furthermore, there was no correlation between BA and SFA FMD measurements.
Conclusion: Three hours of sitting resulted in impaired SFA FMD but not BA FMD. Although 3 hours of sitting did not
impair BA FMD, it impaired shear patterns in the BA.
Keywords: Sedentary, Flow mediated dilation, Prolonged sitting, Limb differences

Introduction
The presence of sedentary behavior is a major concern in
today’s society [1]. There are numerous sitting opportunities throughout the day and the average sitting time for
American adults is ~8 hr/day [2]. Sitting creates a unique
anatomical and physiological milieu in the legs including
bends in the femoral and popliteal artery, increased
viscosity [3], blood pressure [4] and decrease in arterial
shear rates [5]. Interestingly in humans, lower extremities
exhibit an increased distribution of atherosclerosis as
compared to the upper extremities [6-8]. There may be
various reasons for this disparity. For example, one of the
mechanisms may be increased hydrostatic pressure [4] on
the lower extremities on assuming an upright posture
while seating or standing. Because of the increased presence of sitting, we recently studied the effects of 3 hours
of sitting on lower extremity (superficial femoral artery
[SFA]) endothelial function and discovered that 3 hrs of
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prolonged sitting decreased mean and antegrade shear
rates in the SFA and also impaired endothelial function
measured by flow mediated dilation (FMD) [5]. It is
known that decrease in antegrade shear rate may promote
a pro-atherogenic environment [9]. In addition, FMD is
a very good predictor of cardiovascular disease and is
impaired even before the presence of frank atherosclerosis
[10]. Nitric oxide which is a key regulator of endothelial
function is synthesized in the presence of enzymes known
as nitric oxide synthases. Low shear stresses during
prolonged sitting [5] decrease the expression of nitric
oxide synthase [11] and this may also lead to impairment
in endothelial function, putting the vasculature at risk of
atherosclerosis. It is interesting to note that increases in
shear stresses leads to betterment in endothelial function
[12]. In fact lower extremity exercise also improves brachial
artery endothelial function which may explain the antiatherogenic effect of exercise [13] However, at the lower
end of the physical activity continuum, it is unknown if
lower extremity inactivity affects upper extremity endothelial function. In the presence of our recent findings on the
impairment of endothelial function on sitting [5], it is
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interesting to study whether upper extremity (brachial
artery [BA]) endothelial function is also affected on
prolonged sitting. The purpose of this study was to
investigate if the effects of prolonged sitting on BA and
SFA are similar.

Methods
Study design

This study consisted of two screening visits and a sitting
trial involving 3 hrs of uninterrupted sitting (SIT). FMD
in both BA and SFA was measured at baseline, 1 hr, 2 hr
and 3 hrs in the seated position. All procedures for the
study were approved by Indiana University Institutional
Review Board, and participants gave written informed
consent for their participation.
Participants

To be included, participants had to self-report that they
were nonsmokers, and not taking any anti-hypertensive,
lipid lowering, or anti-diabetic medications. To be included,
they needed to have total cholesterol ≤240 mg.dl−1, triglycerides ≤200 mg.dl−1 and fasting blood glucose <120 mg.dl.
We recruited individuals who performed <150 min.week−1
of moderate intensity physical activity or <75 min.week−1
of vigorous intensity physical activity [14]. Participating
individuals were asked to maintain their regular diet
patterns throughout the study duration and to discontinue
any over the counter supplements at least 7 days prior to
the sitting trial.
Screening visits

Screening and testing visit procedures are also detailed
elsewhere [5]. Briefly at the first visit, all experimental
procedures were explained to the participants and they
were familiarized with the lab setting. If the participants
volunteered to participate in the study, a written informed
consent was obtained. Height, weight and blood pressure
(measured in the seated position in triplicate) were measured using standard procedures and a medical health
history and habits questionnaire [5] was completed to
screen for any preexisting cardiovascular or metabolic
condition and physical activity levels. Blood pressure was
measured during an additional screening visit, at the same
time of day, also in the seated position and in triplicate to
ensure that subjects were normotensive.
Testing trial

Participants arrived at the laboratory (dark, quiet, climate
controlled at 22-25°C) after an overnight fast, of at least
6 hours, between 0700 and 0900 hours. They were asked
to refrain from caffeine for at least 8 hours before reporting to the lab. Once in the lab, participants remained
seated without moving their legs or feet for the entirety of
the testing session. They sat in a firmly cushioned chair
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with backrest with their legs perpendicular to the floor
and feet flat on the ground. They were allowed to move
their arms, for example to use a computer or do light
reading which was not emotionally stressful during the
non-testing periods of the trial. Participants were instructed to not perform any vigorous movements using the
upper arms. Arm movement was not quantified. BA and
SFA FMD (one followed by another, order alternated every
measurement) and other vascular parameters were measured at baseline, 1 hr, 2 hr and 3 hr. All measurements
were conducted in the seated posture. The participants
did not change their posture during the entire duration of
the trial.
SFA and BA FMD

SFA and BA FMD were measured in accordance with
current guidelines [15]. We chose SFA as the lower
extremity vessel for its accessible location and NO mediated FMD [16]. Each measurement was performed in a
dark, quiet and climate controlled (22-25°C) room. For
the SFA, a 5 × 84 cm automatic blood pressure cuff (E-20
rapid cuff inflator; D.E. Hokanson, Bellevue, Wash., USA)
was placed on their right thigh about 7 cm above the knee
joint, distal to the site of ultrasound capture. For the
BA, the automatic blood pressure cuff was placed on
the right forearm as recommended in the guidelines.
Images of the SFA and BA were obtained with a 2-D
high-resolution ultrasound system (Terason t3000, Teratec
h Corp., Burlington, Mass., USA), using a 5- to 12-MHz
multifrequency linear-array transducer. Once satisfactory
images of near and far arterial walls were obtained, the
transducer was secured and stabilized in a stereotactic
clamp, and landmarks were made on the participant's skin
to ensure similar placement of the transducer for subsequent FMD procedures and shear rate assessments. In
addition to imaging the arterial dimensions, Doppler
ultrasound was used to concurrently measure SFA blood
velocity. Doppler flow signals were corrected at an insonation angle of 60°, and the sample volume was placed in
the middle of the artery.
Diameter images and Doppler measurements of blood
velocity were continuously recorded for 45 s at baseline
prior to cuff inflation. The automatic blood pressure cuff
was then rapidly inflated to 250 mmHg and maintained
for 5 min until cuff deflation. Diameter and blood velocity
recordings resumed prior to cuff deflation and continued
for 5 min for SFA and 3 min for the BA after deflation.
Ultrasound images were continuously recorded at 5
frames·s−1 with Camtasia (TechSmith, Okemos, Mich.,
USA), and stored as .avi files [5,8]. This procedure was
repeated hourly across the sitting intervals.
Arterial diameters and blood velocities: Off-line analysis of diameters were performed using automated edgedetection software (Brachial Analyzer, Medical Imaging
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Applications LLC, Coralville, IA, USA) as previously
described [8,9]. This software allows the technician to
determine a region of interest where the near and far
vessel walls are most clear. The vessel wall borders are
then detected using an optimal graph search-based segmentation that uses a combination of pixel density and
image gradient as an objective function. All analyzed
images were reviewed by the technician and edited when
needed to ensure that diameter measures were always
determined from the intima-lumen interface at the near
and far vessel wall. Blood velocities were determined using
custom made software selecting a region of interest that
surrounded the Doppler wave. The velocity–time integral
was used to calculate the mean blood velocity. The peak
dilation after cuff deflation was determined using the
highest 3 s moving average and was presented as a percentage change from baseline diameter (FMD%). SFA and
BA shear rate used as an estimate of arterial shear stress
and was calculated for each FMD% at baseline and during
the post occlusion period using the following formula:
Vm·D−1, where Vm is mean blood velocity (cm·s−1) and D
is mean arterial diameter (cm). The oscillatory shear index
(OSI) was calculated for each SR assessment as follows: |
retrograde SR|/(|retrograde SR| + |antegrade SR|) [17].
Shear rate area under the curve (SRauc) was calculated as
the area from the time of deflation up until peak diameter.
All measurements and analysis were performed by a single
researcher (ST) who was blinded to the participant identity and code of each image file.
Statistical analysis

Descriptive analysis was performed to summarize participant characteristics. We were interested in looking at the
effects of prolonged sitting individually on BA and SFA
FMD and blood flow parameters. Within both arterial
measurements (BA and SFA), one way ANOVA was conducted on the baseline diameter as the dependent variable.
Further, within each arterial measurement sequence, a one
way ANOVA was conducted on the dependent variables
FMD%, antegrade, retrograde and mean shear rate, SRauc
and OSI. When an effect was found, pairwise comparisons
were used to locate significant differences across time
(compared to baseline) in these variables. Observed effect
size was reported for ANOVA interactions as partial eta
squared (η2). Finally, a bivariate correlation was tested
between BA and SFA FMD. The alpha level for statistical
significance was set a priori at 0.05. All statistical calculations were performed using IBM SPSS Statistics 22.0
software (IBM SPSS Inc.).

Results
We recruited and tested 12 participants, who comprised a
homogenous group of apparently healthy inactive young
men (Table 1).
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Table 1 Subject demographics
Variable

Value

N

12

Age (yrs.)

24.2 ± 4

BMI (kg.m2)

23.7 ± 3.3

Systolic blood pressure (mmHg)

116 ± 9

Diastolic blood pressure (mmHg)

77 ± 6

Total cholesterol (mg/dl)

171 ± 31.2

LDL cholesterol (mg/dl)

98.2 ± 28.2

HDL cholesterol (mg/dl)

57.1 ± 13

VLDL cholesterol (mg/dl)

15.7 ± 9

Triglycerides (mg/dl)

77.4 ± 47

Glucose (mg/dl)

91 ± 6

Note: Data represented as mean ± SD.

Baseline diameters in BA and SFA: Within each artery,
there was no significant difference in baseline diameters
from baseline measurement (0 hr) to 3 hrs; BA (p = 0.805,
η2 = 0.029), SFA (p = 0.263, η2 = 0.112).
SFA measurements

There was a significant reduction in FMD across time
in SFA each hour, from baseline to 3 hrs (p ≤ 0.001,
η2 = 0.481). The FMD was significantly reduced at 1 hr,
and remained attenuated at 2 hrs and 3 hrs. Antegrade
shear rate significantly declined from baseline to 3 hrs
(p = 0.049, η2 = 0.209). The antegrade shear rate was
significantly lower at 1 hr and 2 hr but not at 3 hr as
compared to baseline. There was a significant decline
in mean shear rate from baseline across time (p = 0.028,
η2 = 0.237). Mean shear rate was significantly lower at
1 hr and 2 hr but not at 3 hr as compared to baseline.
Retrograde shear rate was not significantly different
from baseline (p = 0.940, η2 = 0.012). OSI also did not
change from baseline to 3 hours (p = 0.107, η2 = 0.116).
SRauc did not show any significant change from baseline
(p = 0.054, η2 = 0.459) [SRauc data are for 5 participants
(please see the discussion section)]. In summary, in the
SFA, there was a significant decline in antegrade shear
rate, mean shear rate and FMD during 3 hrs of prolonged
sitting.
BA measurements

There was no significant difference in BA FMD from
baseline across 3 hrs (p = 0.602, η2 = 0.054). There was
a significant decline in the antegrade shear (p = 0.029,
η2 = 0.236) and increase in OSI (p = 0.034, η2 = 0.228),
but no significant changes in the retrograde shear rate
(p = 0.457, η2 = 0.075), mean shear rate (p = 0.481, η2 = 0.71)
and SRauc (p = 0.837, η2 = 0.031) from baseline. In summary, all brachial parameters in exception of antegrade
shear rate and oscillatory shear index remain unchanged
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during 3 hours of sitting. All FMD data are presented
in Figure 1 and baseline diameter, and shear rates are
presented in Table 2.
There was no correlation between BA and SFA FMD
during 3 hrs of sitting(r = −0.029, p = 0.847).

Discussion
The purpose of this study was to investigate whether the
effects of prolonged sitting on BA and SFA endothelial
function are similar. We hypothesized that prolonged
sitting will lead to decline in SFA endothelial function,
but not in the BA endothelial function. Indeed, we found
a decline in FMD in SFA during 3 hours of sitting (also
published in [5]). We also saw a decline in antegrade
and mean shear rate in the SFA. In the BA, we found no
significant decline in FMD during prolonged sitting;
however to our surprise we found a decline in BA antegrade shear rate along with a significant increase in OSI
3 hours of sitting. This is the first study to our knowledge
which compares the physiological effects of prolonged
sitting on the upper and lower extremity vasculature.
We have previously discovered and discussed that
prolonged sitting led to decreases in antegrade and mean
shear rates in addition to impairment in endothelial
function in the SFA [5]. Padilla and colleagues [4] in a
similar study showed that when subjected to a similar
inactivity model, there is a decline in shear rate patterns
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in the popliteal artery but no significant change in the
FMD. Our shear rate results are similar to these authors
but the FMD results differ primarily because of the study
design, as discussed elsewhere [5].
The focus of this discussion will be our novel finding
which is the decline in the antegrade shear rate in the
BA along with an increase in OSI during 3 hrs prolonged
sitting. We did not expect any change in the vascular
parameters in the BA during sitting, primarily because
upper extremity movement was not controlled and subjects moved their upper extremities, although the movement was minimal. We have previously shown that
minimal activity during breaking sitting time prevents the
impairment in shear rates and FMD in the SFA during
prolonged sitting [5]. Indeed, in this design, moving the
upper extremities is similar to breaking sitting time for
the lower extremities and therefore we did not expect
any change in vascular parameters in the BA. There is
only one study which has looked at the effects of acute
inactivity on BA FMD. Padilla and colleagues [4] had
their subjects’ arm hanging to mimic the increased
hydrostatic load and inactivity. They showed that the
shear rates decreased from baseline through 150 min
which is similar to our results and a significant decline
in BA FMD which is contrary to our findings. The type
of inactivity in our protocol does not change the hydrostatic load in the upper extremities and mimics what

Figure 1 Flow mediated dilation in the brachial and superficial femoral artery during 3 hours of sitting during the sitting. Error bars
represent standard deviations. * Indicates significant difference from baseline in the SFA at p≤0.05.
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Table 2 Baseline diameters (mm), shear rates (s−1), SRauc and normalized FMD in the BA and SFA during the SIT and
VIT trial at baseline, 1 hr, 2 hr and 3 hr
Brachial artery (BA)

Superficial femoral artery (SFA)

0 hr

1 hr

2 hr

3 hr

0 hr

1 hr

2 hr

3 hr

4.0 ± 0.6

3.9 ± 0.6

4 ± 0.7

3.9 ± 0.4

6.3 ± 0.6

6.3 ± 0.7

6.5 ± 0.6

6.3 ± 0.7

Antegrade SR

23.6 ± 8.7

18.3 ± 8.3

19 ± 9.1

16.7 ± 5.4*

7.1 ± 2.1

5.4 ± 2.5*

5.5 ± 2.3*

6.1 ± 2

Mean SR

16.7 ± 10.4

11.3 ± 7.3

11 ± 9.1

12.9 ± 14.8

4.6 ± 2.1

2.5 ± 3*

2.8 ± 1.5*

3.4 ± 1.5

Baseline diameters

Retrograde SR
OSI (a.u)
Peak SR

6.7 ± 4.6

6.9 ± 3.4

7.9 ± 3.7

8.1 ± 3.9

2.5 ± 1.1

2.8 ± 1.7

2.7 ± 1.4

2.7 ± 1.2

0.22 ± 0.15

0.28 ± 0.12

0.31 ± 0.09

0.31 ± 0.07*

0.27 ± 0.1

0.36 ± 0.16

0.32 ± 0.08

0.30 ± 0.08

110.4 ± 44.5

107.6 ± 46.6

115.6 ± 58.5

102.9 ± 47.2

50.2 ± 67.3

26.8 ± 14

22.2 ± 10.2

SRauc(a.u)

3083.7 ± 1505 3036 ± 1542.9 3039.2 ± 1755.9 2744.8 ± 1603.2 832.7 ± 232.9

FMD:SRauc

0.002 ± 0.001

0.002 ± 0.001

0.002 ± 0.001

0.004 ± 0.004

19.7 ± 13.6
449.5 ± 309.9

356.4 ± 221.1 525.3 ± 226.2

0.005 ± 0.005 0.128 ± 0.0341 0.003 ± 0.002 0.003 ± 0.002

Note: *indicates significantly (p ≤ 0.05) different from baseline within each artery. Data presented as Mean ± SD.

most people do in sedentary jobs, for example using a
computer or reading. Despite the movement in the arms,
the antegrade shear rate declined and OSI increased. It is
known that a decline in antegrade shear rate represents an
aging profile in the vasculature [9]. It is also known that
oscillatory shear affects nitric oxide production thus
inducing oxidative stress [18] and monocyte adhesion
[19]. Oscillatory shear patterns are also associated with
increased atherosclerosis [20]. Newcomer and colleagues
have shown that in the upright posture, mean blood
velocity and shear rate are lower in SFA than BA [21]. In
view of this result and our data, it is clear that prolonged
sitting causes an impairment in the BA shear rate
patterns, although the BA FMD appears to be preserved
as compared to SFA FMD. There are indeed other studies
which have looked at the effect of physical inactivity on
upper extremity vascular function during bed rest [22],
dry water immersion [23], spinal cord injury [24] among
other inactivity models. However our results are directly
important for public health and are shown in a study
design simulating normal human behavior.
There are various possibilities why BA FMD might not
have changed even in the presence of a reduced antegrade
shear rate and increased OSI. It is possible that longer
duration of sitting may have shown an effect on BA FMD.
Antegrade shear rate declined in the SFA at 1 hr but it
declined in the BA at 3 hours. This possibly shows some
latency in the impairment of BA function on prolonged
sitting, perhaps due to the regular movement of the upper
extremities. It is possible that multiple bouts of prolonged
sitting may impair BA FMD which is a marker of systemic
vascular function [25]. The possibility that the decline in
FMD in the SFA during sitting signifies a true local
phenomenon and not a systemic phenomenon cannot be
discounted. A chronic environment of impaired endothelial function may lead to the increased atherosclerosis in
the legs. Indeed 2 hours of siting has been shown to
increase whole blood viscosity in the legs but not the arm
[3]. Furthermore, there are known differences in vascular

reactivity between BA and FA [26] and hence one can
speculate that the FMD in the BA may be preserved even
when the FMD in SFA is blunted, chronically exposing
the lower extremity to a pro-atherogenic milieu. Finally it
is possible that BA FMD may not be a sensitive measure
of systemic endothelial function during prolonged sitting.
Mechanisms

There are various possible mechanisms leading to an
impaired shear pattern in the BA. For example, increase in
muscle sympathetic nerve activity may lead to impaired
shear patterns [27]. We could not measure MSNA in our
study due to logistical reasons. It is also possible that
prolonged sitting may have led to an increased blood
pressure [28] which further led impaired shear patterns
in the BA. It is known that lower extremity exercise
increases BA FMD via an increase in shear rates [29].
Based on our results, we can postulate that although
3 hours of sitting does not change BA FMD, it does
promote pro-atherogenic shear patterns [9].
Limitations

This study is not without limitations. For example, we
did not measure blood pressure during the seated
period. We contemplated measuring blood pressure but
this was logistically difficult to do in the ipsilateral leg for
concerns of changing blood flow patterns and in the
contralateral leg for concerns of moving the lower extremity. It could have been done in the arm but because the
primary purpose was comparing the two arteries it was
not measured in the BA as well. It is known that uninterrupted sitting is associated with increased resting BP albeit
in overweight adults [30] which could lead to impaired
shear rates and endothelial function. We acknowledge
that not having blood pressure measures is a mechanistic
limitation. We did not measure viscosity. It is known that
whole blood viscosity increases in the leg but not in the
arm during 2 hours of sitting. Our design consisted of
3 hours of prolonged sitting and it is possible that viscosity
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increases in the arm after 3 hours especially since increased viscosity is associated with low shear rates [31].
Furthermore, measuring viscosity would also have allowed
us to measure shear stresses. We did not measure MSNA.
As discussed earlier increased MSNA has been shown to
impair shear rate patterns in conduit arteries [27]. Finally,
we had young inactive men as our participants and more
research needs to be done in women and different age
groups to generalize these results to other populations.
Despite these limitations, our study adds significant new
information to the existing literature on physical inactivity
and the vascular differences between upper and lower
extremities. This is the first study which shows that 3 hrs
of sitting decreases antegrade shear rate and increases OSI
in the BA, both shear patterns harmful to vascular health.
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3.
4.

5.

6.
7.
8.

9.

10.

Conclusions
3 hrs of sitting leads to significant decline in antegrade
and means shear rates in SFA, also impairing FMD. In
the BA, there is a significant decline in antegrade shear
rate and increased OSI without a clear impairment of
FMD. Prolonged sitting is common human behavior and
its effects on vasculature are not limited to lower extremities. Our current data along with previously published
results [5] make a case for avoiding prolonged time in a
seated posture. More mechanistic research is needed to
identify the various physiological changes in the BA and
SFA during prolonged sitting.
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