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Abstract

Retrograde shear rate (SR) in the brachial artery (BA) is associated with endo-
thelial dysfunction; a precursor to atherosclerosis. The BA does not typically
manifest clinical atherosclerosis, whereas the superficial femoral artery (SFA)
is more prone to developing plaque. Examine whether the impact of incre-
mental levels of retrograde SR differs between atherosclerosis-prone (i.e., SFA)
and -resistant vessels (i.e., BA) in healthy men. Thirteen healthy young men
reported three times to the laboratory. We examined BA flow-mediated dila-
tion (FMD) before and after 30-min exposure to cuff inflation around the
forearm at 0, 30, and 60 mmHg, to manipulate retrograde SR. Subsequently,
the 30-min intervention was repeated in the SFA, using the same cuff pressure
as in the forearm. Order of testing (vessel and intervention) was randomized
among subjects. We found a dose-dependent increase in retrograde SR with
30 and 60 mmHg cuff inflation, which was present in both the BA and SFA
(all P <0.05). BA and SFA FMD decreased after the 30-min intervention
(“time”: P = 0.012), and this was dependent on cuff pressure (“cuff x time”:
P =0.024). A significant decrease in FMD was observed after 60 mmHg only
and this change was similarly present in both arteries (“time X artery”:
P = 0.227). Moreover, the BA and SFA demonstrate a similar relationship
between changes in retrograde SR and FMD (r = 0.498 and 0.475, respec-
tively). Our study demonstrates that acute exposure to an increase in retro-
grade shear leads to comparable decreases in FMD in atherosclerotic-prone
and -resistant conduit arteries in humans.

Introduction

Shear stress, that is, the frictional force of blood on the
arterial wall, represents an important stimulus for arteries
to adapt (Niebauer and Cooke 1996; Thijssen et al. 2009;
Tinken et al. 2009). Changes in shear stress directly influ-
ence the endothelium of arteries, which plays a crucial
role in the regulation of blood flow and maintenance of
the quality of blood vessels (Davignon and Ganz 2004).
Across the cardiac cycle, shear stress demonstrates a typi-
cal pattern, flowing toward the periphery during systole
(antegrade shear), and back to the heart during diastole
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(retrograde shear). Previous animal studies demonstrated
that antegrade shear stress is associated with positive, an-
tiatherogenic effects on the endothelium (Chappell et al.
1998; Hsiai et al. 2003; Newcomer et al. 2008; Tinken
et al. 2009, 2010; Wang et al. 2013), whereas retrograde
shear stress is associated with proatherogenic effects on
the endothelium (Widlansky et al. 2003; Thijssen et al.
2009; Newcomer et al. 2011). In a previous study in
humans, we manipulated the magnitude of retrograde
shear rate and reported an inverse and dose-dependent
relationship ~ between  retrograde shear rate and
brachial artery endothelial function (Thijssen et al. 2009).
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However, the impact of retrograde shear rate on endothe-
lial function may differ between different arteries.

The brachial artery is not commonly associated with
atherosclerosis-related complications (Dalager et al. 2007),
which raises the question of whether the impact of
retrograde shear rate on endothelial function can be
extrapolated to other vascular beds, such as the athero-
sclerotic-prone arteries of the lower limbs. Previous stud-
ies have examined dilatory responses to ischemia-induced
increases in shear (Parker et al. 2006; Nishiyama et al.
2007) and intraarterial infusion of vasoactive substances
(Newcomer et al. 2004) in upper and lower limb arteries
of young subjects and found more pronounced dilator
responses in the upper limbs. These observations suggest
differences in vascular responsiveness between upper and
lower limbs in healthy, asymptomatic subjects. To date,
no study has compared the impact of exposure of retro-
grade shear on conduit artery endothelial function
between lower and upper limbs.

Therefore, the principle aim of this study was to com-
pare the immediate (i.e., 30 min) impact of incremental
steps of retrograde shear rate on brachial artery and
superficial femoral artery endothelial function in healthy
young men. We hypothesized that exposure to incremen-
tal levels of retrograde shear rate would result in a smaller
decrease in an upper limb, atherosclerosis-resistant con-
duit artery compared to a proatherosclerotic, lower limb
artery. For this purpose, we examined flow-mediated dila-
tion (FMD, a surrogate measure of endothelial function)
before and after 30-min manipulation of retrograde shear
rate by cuff inflation around the forearm and thigh.

Methods

Subjects

Thirteen healthy, recreationally active men (24 & 3 years,
body mass index [BMI]: 22.8 + 2.7 kg/mz) were rec-
ruited from the community. The term recreationally
active was defined as 1-7 h of exercise training per week.
No subject reported having been diagnosed with cardio-
vascular disease or risk factors such as hypercholesterol-
emia or hypertension. Subjects who were on medication
influencing the cardiovascular system were excluded. The
study procedures were approved by the Ethics Committee
of Radboud University Nijmegen Medical Centre, adhered
to the Declaration of Helsinki, and all subjects gave prior
written consent.

Experimental design

Each subject reported three times to the laboratory. On
each day, we examined the impact of a 30-min interven-
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tion on the brachial and femoral artery endothelial func-
tion. Measurements in the upper and lower limb artery
were performed consecutively, while the cuff pressure was
randomized between days and between subjects. All mea-
surements are done under standardized conditions and
unilaterally (i.e., right side). Endothelial function was
examined using the FMD, which involves an ischemic
stimulus induced by distal cuff inflation to suprasystolic
level for 5 min. Brachial and superficial femoral artery
FMD was performed before and immediately after each
30-min intervention, which consisted of inflating an
occlusion cuff (placed around the forearm or thigh) to 0,
30, or 60 mmHg (randomized between the 3 days).

Experimental procedures

Vascular function assessments were conducted in a quiet,
temperature-controlled environment and according to
recent expert consensus guidelines (Thijssen et al. 2011).
Repeated laboratory visits were conducted at the same
time of day to control for diurnal variation. Before each
test, subjects were instructed to fast for at least 6 h,
abstain from alcohol and caffeine for 18 h, and avoid any
exercise for 24 h.

Flow-mediated endothelium-dependent
vasodilator function (FMD %)

Before and after the 30-min intervention, we assessed the
FMD; that is, an endothelium-dependent, partly nitric
oxide-mediated dilation (Mullen et al. 2001; Green et al.
2005; Kooijman et al. 2008). First, subjects rested in the
supine position for a period of at least 15 min to facilitate
baseline assessment of heart rate and blood flow. Heart
rate, systolic, diastolic, and mean arterial pressure were
determined from a manual sphygmomanometer by an
experienced researcher, measured twice in the left brachial
artery after a resting period in the supine position of at
least 5 min. To examine brachial artery FMD, the right
arm was extended and positioned at an angle of ~80°
from the torso. A rapid inflation and deflation of pneu-
matic cuff (D.E. Hokanson, Bellevue, WA) was positioned
on the forearm of the imaged arm immediately distal to
the olecranon process to provide a stimulus to forearm
ischemia (Corretti et al. 2002). A 10-MHz multifrequency
linear array probe attached to a high-resolution ultra-
sound machine (T3000; Terason, Burlington, MA) was
used to image the brachial arteries in the distal one-third
of the upper arm. When an optimal image was obtained,
the probe was held stable and the ultrasound parameters
were set to optimize the longitudinal, B-mode images of
lumen-—arterial wall interface. Continuous Doppler veloc-
ity assessment was simultaneously obtained using the
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ultrasound machine, and was collected using the lowest
possible insonation angle (always <60°), which did not
vary during each study. Baseline images were recorded for
1 min. The forearm cuff was then inflated (>200 mmHg)
for 5 min. Diameter and blood flow recordings resumed
30 sec prior to cuff deflation and continued for 3 min
thereafter.

After performance of the postintervention measurement
of the brachial artery FMD, we repeated this procedure
for the superficial femoral artery. Subjects rested supine
with the lower leg slightly elevated, while resting on ~15-
cm-thick foam. The rapid inflation/deflation pneumatic
cuff was positioned ~15 cm below the inguinal ligament
to induce the 5-min ischemic stimulus. Recording of the
right superficial femoral artery was performed in the
proximal third of the thigh, at least 3 cm distal from the
bifurcation and above the occlusion cuff. Postdeflation
recording of the superficial femoral artery was performed
for 5 min. Performance of the ultrasound recordings for
a single subject was performed by the same experienced
sonographer.

Interventions

Immediately after the initial FMD assessment, a 30-min
intervention was performed. To manipulate brachial
artery shear, an occlusion cuff was placed around one
forearm and inflated to 0, 30, or 60 mmHg. Manipulation
of shear patterns in the superficial femoral artery was per-
formed placing the cuff around the thigh. Placement of
the cuff was consistently performed around the right fore-
arm and thigh. The order of cuff intervention (0, 30, and
60 mmHg) was randomized across the three testing days,
but similar for both arteries on a testing day. Pilot obser-
vations revealed that cuff inflation to 30 and 60 mmHg
acutely alters retrograde shear rate in a dose-dependent
manner, which was present in the brachial and superficial
femoral artery. Brachial and superficial femoral artery
mean shear rate and the pattern of shear rate (antegrade
vs. retrograde) were recorded at 10-min intervals during
each intervention.

Conduit artery diameter, blood flow, and
shear rate analysis

Analysis of brachial and superficial femoral artery diame-
ters and shear rate before, during, and after the interven-
tion was performed using custom-designed edge-detection
and wall-tracking software which is largely independent
of investigator bias (Woodman et al. 2001). The initial
phase of image analysis involves the identification of
regions of interest (ROI) on the first frame of every ultra-
sound study. These ROI’s allow automated calibration for
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diameters on the B-mode image and velocities on the
Doppler strip (Black et al. 2008). Another ROI is drawn
around the Doppler waveform and the peak of the wave-
form is automatically detected. The mean diameter mea-
sures derived from within the B-mode diameter ROI are
automatically synchronized and combined with the veloc-
ity measures derived from the Doppler ROI, at 30 Hz.
Ultimately, from this synchronized diameter and velocity
data, blood flow (the product of lumen cross-sectional
area and Doppler velocity [v]) and shear rate (four times
velocity divided by diameter) (Pyke et al. 2004; Pyke and
Tschakovsky 2007) are calculated at 30 Hz. All data are
written to file and retrieved for analysis in a custom-
designed analysis package (see below). We have shown
that reproducibility of diameter measurements using this
semiautomated software is significantly better than man-
ual methods, reduces observer error significantly, and
possesses an intraobserver, within-day coefficient of vari-
ance (CV) of 6.7% (Woodman et al. 2001). Furthermore,
our method of blood flow assessment is closely correlated
with actual blood flow through a “phantom” arterial flow
system (Green et al. 2002).

Data analysis

FMD %

Baseline diameter, blood flow, and shear rate were calcu-
lated as the mean of data acquired across the 1 min pre-
ceding the cuff inflation period. Peak diameter following
cuff deflation was automatically detected according to an
algorithm which identified the maximum bracket of data
(with each bracket consisting of ~100 frames), subsequent
to performance of a moving window smoothing function
(Black et al. 2008). FMD% was calculated as the percent-
age rise of this peak diameter from the preceding baseline
diameter. The software described above was also used for
analysis of shear rate, derived from simultaneously
acquired velocity and diameter measures at 30 Hz, during
the three interventions.

Statistics

Statistical analyses were performed using SPSS 20.0 (SPSS,
Chicago, IL) software. All data are reported as mean (SD)
unless stated otherwise, while statistical significance was
assumed at P < 0.05. To examine whether the impact of
an increase in retrograde shear rate (“intervention”: 0, 30,
vs. 60 mmHg) on endothelial function differs between
arteries (“artery”: brachial vs. superficial femoral artery),
we employed a linear mixed model analysis. Post hoc
t-tests were performed when the linear mixed model
reported a significant main or interaction effect. In
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addition to this “traditional” approach, a recent study by
Atkinson et al. (2013) indicated that inadequate scaling
for FMD would be present if the upper confidence limit
of the regression slope of the relationship between loga-
rithmically transformed base diameter and peak diameter
is less than 1. In such an event, FMD% may not be an
appropriate measure to estimate endothelial function. We
checked our data for this phenomenon, and subsequently
also performed the allometric modeling solution proposed
by Atkinson et al. (2013). Pearson correlations were used
to examine the relation between the change in retrograde
shear rate and the change FMD% induced by the inter-
vention. FMD reproducibility was assessed by calculating
the CV, using the pre- and postintervention retrograde
shear data from the 0 mmHg cuff intervention. The CV
was calculated following the classical approach based on
the pooled SD, as described previously (Petrie et al.
2000). Briefly, the root mean square of the error term
(square root of the error term of the adjusted mean
squares) of an analysis of variance is used to calculate the
pooled variance. The CV can be calculated by taking the
square root of the exponent of the pooled variation
minus 1, times 100 (\/(exp(var) — 1) x 100).

Results

Baseline characteristics are described in Table 1. Systolic,
diastolic, and mean arterial pressures were not signifi-
cantly different among the three different interventions
days (P = 0.276, P = 0.783, and P = 0.566, respectively).
At baseline, we found no difference in preintervention
superficial femoral artery shear rate patterns, whereas the
brachial artery showed a significantly higher baseline ret-
rograde shear rate before the 30 mmHg intervention
(Table 2). No differences in brachial artery mean or ante-
grade shear rate were observed between testing days
(Table 2). For the brachial artery retrograde shear, the
coefficient of variation is 32.4, and for the superficial fem-
oral artery retrograde shear, the coefficient of variation is
28.0.

Table 1. Body characteristics in healthy subjects (N = 13).

Variable Mean + SD
Age (years) 24 + 3
Height (cm) 185+ 7
Weight (kg) 78.1 +£ 121
Body mass index (kg/m?) 228 +2.7
Systolic blood pressure (mmHg) 119+ 9
Diastolic blood pressure (mmHg) 74 £ 7
Mean arterial pressure (mmHg) 89 + 7

Data are presented as mean =+ SD.
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Table 2. Preintervention resting mean, antegrade, and retrograde
shear rate in the brachial and superficial femoral artery of healthy
young men (n = 13).

0 mmHg 30 mmHg 60 mmHg P-value
Brachial artery
Mean shear rate 95 + 67 59 + 31 79 +£52 0.109
(sec™ )
Antegrade shear 108 £ 64 82 +£30 95+ 47 0.283
rate (sec™")
Retrograde shear —13 +£12 —-24 +15 —16 + 14 0.009
rate (sec™')
Superficial femoral artery
Mean shear rate 36 + 22 45 + 58 23 +£19 0.309
(sec™ ")
Antegrade shear 61 + 17 75 + 52 53+ 15 0.191
rate (sec™")
Retrograde shear —25 + 13 —-30+ 13 -30+ 13 0.368
rate (sec™')

Data are presented as mean =+ SD. P values represent repeated
measures ANOVA.

Shear rate patterns

Increased cuff pressure during the intervention resulted in
large dose-dependent increases in retrograde shear in both
the brachial (Fig. 1A) and superficial femoral arteries
(Fig. 1B). Similarly, we found that cuff inflation around
the thigh resulted in a small, but significant increase in
superficial femoral artery antegrade shear during the 30
and 60 mmHg interventions, leading to a small decline in
mean blood flow at these cuff pressures. In the brachial
artery, antegrade shear was elevated during the 60 mmHg
intervention only (Fig. 1).

Flow-mediated vasodilation

At baseline, we found no differences in brachial artery or
superficial femoral artery FMD between the three testing
days, whereas the brachial artery FMD was significantly
larger than the response in the superficial femoral artery
(“artery”, P < 0.001). In both arteries, a decrease in FMD
was observed as a result of cuff placement (Fig. 2;
“Time x Cuff” interaction effect P < 0.05). Post hoc
analysis revealed that, for both arteries, FMD did not
change after the 0 mmHg and the 30 mmHg interven-
tions, whereas a significant decrease was observed after
60 mmHg (Fig. 2). More importantly, we found that the
change in FMD was not different between both arteries
(Fig. 2; “Time x Cuff x Artery” interaction P = 0.660).
A repeat of this analysis using allometric scaling, includ-
ing resting diameter as a covariate, reinforced the pres-
ence of a significant impact of cuff on the change in
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Figure 1. Mean (gray), antegrade (white), and retrograde shear
rate (black) in the brachial (A) and superficial femoral artery (B)
during the 30-min intervention at 0, 30, and 60 mmHg in healthy
young men (n = 13). Error bars represent SE. *Significantly different
from baseline at P < 0.05.
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FMD (“Time x Cuff” interaction effect: P < 0.05), which
was not different between the brachial and superficial
femoral artery (“Time x Cuff x Artery” interaction
effect: P = 0.616). However, using the allometric scaling
method, the difference in FMD between vessels was no
longer present (P = 0.201).

Using the nonadjusted FMD values, we found a com-
parable correlation between the cuff inflation-induced
change in retrograde shear and the change in FMD in the
brachial artery (P = 0.001, r = 0.498), superficial femoral
artery (P = 0.002, r = 0.475), and the pooled data set
(P < 0.001, r = 0.497) (Fig. 3).

For baseline diameter and shear rate area under the
curve, we did not find any significant effects for any
of the wvariables (all P > 0.05), except for “artery”
(P <0.01).

Discussion

The purpose of this study was to examine the acute
impact of dose-dependent increases in retrograde shear
on endothelial function in atherosclerotic-prone (i.e.,
superficial femoral artery) and -resistant arteries (brachial
artery) in humans. Our findings indicate that increase in
retrograde shear is followed by a decrease in endothelial
function, which was similarly present in an artery in the
upper and lower limb. Therefore, this study provides evi-
dence for the presence of an inverse relationship between
retrograde shear and endothelial function, which is simi-
larly present in an atherosclerosis-prone and -resistant
peripheral conduit artery in healthy young humans.

In line with previous findings from our laboratory
(Thijssen et al. 2009), and those of others (Johnson et al.
2012; Gurovich and Braith 2013), an increase in cuff pres-
sure resulted in an upstream, dose-dependent increase in
retrograde shear in the brachial artery. We extend this
knowledge by reporting that similar dose-dependent
increases in retrograde shear are also present in the super-
ficial femoral artery following partial cuff inflation around
the thigh. This confirms that our intervention was effec-
tive, and that both brachial and superficial femoral artery
retrograde shear can be manipulated using an externally
placed cuff around a limb. More importantly, we exam-
ined the immediate impact of these manipulations in
shear rate pattern on conduit artery endothelial function.
In line with a previous observation from our laboratory,
we found that an increase in retrograde shear rate
decreases FMD in the brachial artery (Thijssen et al.
2009). Moreover, the superficial femoral artery responded
in a similar way, indicating that short-term exposure to
retrograde shear in both atherosclerosis-prone and athero-
sclerosis-resistant arteries results in endothelial dysfunc-
tion. The similarity in responsiveness between both
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Figure 3. Correlation between change in retrograde shear (y-axis) and change in flow-mediated dilation (x-axis) for the brachial (black dots)

and superficial femoral artery (open dots).

arteries is supported by the agreement in the slope, direc-
tion, and magnitude of correlations between the change
in retrograde shear and the change in FMD in both ves-
sels (Fig. 3).

The finding that upper and lower limb conduit arteries
demonstrate a similar responsiveness to elevations in ret-
rograde shear rate in humans in vivo contrasts with our
hypothesis as well as findings from previous studies.
These studies found that upper limb arteries possess a lar-
ger responsiveness when exposed to stimuli causing an
increase in antegrade shear rate compared to lower limb
arteries (Newcomer et al. 2004; Wray et al. 2005). One
potential explanation of the different finding in our study
may relate to the stimulus used. This study exposed arter-
ies to a change in shear stress, which directly impacts
endothelial function. Previous studies infused pharmaco-
logical substances or used prolonged arterial occlusions
(Newcomer et al. 2004; Wray et al. 2005); forms of stim-
ulus which depend upon distinct signal transduction
pathways to those associated with shear stress, the physio-
logically valid approach. An alternative explanation is that
we examined responsiveness to an increase in retrograde
shear rate, rather than stimuli that cause an increase in
antegrade shear rate.

In both arteries, the 30 mmHg intervention was not
associated with a significant change in FMD, despite a
significant increase in retrograde shear rate. In a previous
study, Thijssen et al. (2009) found that somewhat lower
cuff inflation (i.e., 25 mmHg) also caused an increase in
retrograde shear rate, but did not affect brachial artery
FMD. In contrast, an effect on FMD was present at 50
and 75 mmHg cuff interventions in the brachial artery
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(Thijssen et al. 2009). These observations between studies
suggest that a “threshold” for the application of an exter-
nal pressure exists that lies between 30 and 50 mmHg.
Actually, the “threshold” does not relate to the pressure
applied to a limb, but rather to the associated increase in
retrograde shear that represents a potent stimulus to
impair conduit artery endothelial function. The presence
of a threshold in retrograde shear rate to impair FMD is
supported by the correlation between the change in retro-
grade shear rate and FMD, as the regression line of both
arteries crosses the X-axis around —25 sec '. This sug-
gests that acute elevation in retrograde shear rate should
be substantial before inducing a significant decrease in
FMD, which is typically achieved by an external cuff pres-
sure of 30-50 mmHg. It should be emphasized that the
potential presence of a threshold level for retrograde shear
rate is likely dependent upon the duration of the stimu-
lus, but also possibly the vessel studied. Future studies
should further examine the potential presence of a thresh-
old for changes in FMD.

Recent studies found that changes in the contribution
of NO (Padilla et al. 2011) and alpha-adrenergic sympa-
thetic nervous system (Casey et al. 2012) to vascular
tone contribute to the magnitude of retrograde shear
rate, at least in older humans. Possibly, changes in these
vasoactive substances may contribute to the develop-
ment of endothelial dysfunction during prolonged expo-
sure to potentially harmful shear patterns. However, no
previous study has examined the impact of prolonged
exposure to elevated levels of retrograde shear rate.
Future studies are warranted to examine the impact of
chronic exposure to elevated levels of retrograde shear
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rate in humans to better understand the importance of
shear pattern in the development of endothelial dys-
function.

Clinical relevance

Previous animal and in vitro studies have demonstrated
that arteries exposed to a low or oscillatory shear stress
are associated with the development of atherosclerotic
plaques. Although upper and lower limb arteries demon-
strate differences in susceptibility for the development of
atherosclerosis in humans (Dalager et al. 2007), we found
that short-term exposure to retrograde shear leads to a
similar acute decrease in FMD in the both the brachial
and the superficial femoral artery. The development of
atherosclerosis in the superficial femoral artery may, at
least in part, relate to the larger and/or longer exposure
to adverse shear patterns under physiological conditions.
In a previous study, Newcomer et al. (2008) found that
the superficial femoral artery is exposed to lower levels of
mean shear rate in the supine, seated, and standing posi-
tion, possibly because of a higher retrograde shear rate.
This suggests that prolonged exposure of vessels to retro-
grade shear rate may have detrimental effect for vascular
health in humans. Elevated levels of retrograde shear have
been reported in clinical populations (e.g., older humans)
(Padilla et al. 2011) and can be augmented in several
common clinical scenarios, such as elevations in blood
pressure due to sympathetic control (Padilla et al. 2011),
changes in posture (Newcomer et al. 2008), or changes in
resting vascular tone, or exercise (Green et al. 2002).
Therefore, the findings in this study are highly relevant
from a clinical point of view.

Limitations

Strengths of this study include the use of a tightly con-
trolled protocol, the use of well-trained sonographers,
and the use of automated analysis software. A potential
weakness is that this study does not provide insight into
the mechanisms explaining the relationship between ret-
rograde shear and endothelial function. Also, because we
included a healthy group of subjects without endothelial
dysfunction and/or clinical evidence of atherosclerosis, we
cannot directly extrapolate our findings to other popula-
tions, including those with an increased risk for cardio-
vascular disease, who are likely to have developed
atherosclerosis and endothelial dysfunction. Future studies
should focus on these groups and examine whether vascu-
lar responses to retrograde shear rate differ between sub-
jects with and without a priori endothelial dysfunction.
Another potential limitation is that our shear stimulus,
due to the possible presence of a threshold in retrograde
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shear as described above, is not sufficient to evoke differ-
ences in endothelial function.

In conclusion, we found that cuff inflation around the
forearm and thigh resulted in a dose-dependent increase
in retrograde shear, which was comparable in both ath-
erosclerotic-prone and -resistant arteries. Moreover, we
found that an increase in retrograde shear is associated
with a decrease in conduit artery endothelial function,
while this relation between retrograde shear and endothe-
lial function was similar between the brachial and superfi-
cial femoral arteries. This demonstrates, for the first time
in humans, that the potentially detrimental impact of
short-term increases in retrograde shear is associated with
a similar decrease in endothelial function in atherosclero-
sis-prone and -resistant vessels.
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