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Abstract 

The mechanism behind the acute reduction in peripheral arterial stiffness with reactive hyperemia is presumed to be 
flow-mediated; however, this has not been clearly demonstrated. We hypothesized that a larger reactive hyperemia 
magnitude would result in a greater reduction in peripheral arterial stiffness. Fourteen healthy young adults (5 
females, 25 ± 5 yrs, mean ± SD) underwent reactive hyperemia with a rapid-release cuff on the upper arm inflated 
to 220 mmHg for 5 min: once with the arm positioned ~ 50ο above heart level and once with the arm positioned ~ 50ο 
below heart level. Brachial-radial pulse wave velocity (PWV) was measured with tonometers over brachial and radial 
arteries before cuff inflation and at 5, 15, and 30 min after release. Brachial blood flow was monitored with doppler 
ultrasound. At 5 min after reactive hyperemia, both the absolute (2.31 ± 1.22 vs 1.19 ± 1.19 m/sec, p = 0.007) 
and relative (24% vs 15%; p = 0.043) changes in brachial to radial PWV were greater with the arm below the heart 
compared to above the heart. The peak brachial blood flow was higher when the arm was below the heart compared 
to above the heart (477 ± 145 vs 369 ± 137 ml/min; p < 0.001). Reactive hyperemia acutely reduced peripheral 
arterial stiffness above and below heart level, with a greater decrease observed when the arm was positioned 
below the heart. These results demonstrate the contribution of conduit artery blood flow to the reduction 
of peripheral arterial stiffness after reactive hyperemia.
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1  Introduction
Arterial stiffness is a consequence of a variety of factors, 
including changes in the composition of the arterial 
wall matrix [1, 2] and properties of the vascular smooth 
muscle [3–5]. Chronic changes in arterial wall stiffening 
usually occur via changes in structural characteristics 
of the arterial wall while acute changes in arterial 
wall stiffening usually occur via changes in vascular 
smooth muscle contractility. The gold standard method 
for evaluating arterial stiffness in  vivo is through the 

measurement of pulse wave velocity (PWV), which 
indicates the speed at which arterial pressure waves 
propagate through the vasculature [6, 7].

The change in PWV velocity observed in response to 
a reactive hyperemia stimulus is referred to as flow-
mediated slowing (FMS). FMS has emerged as an 
alternative method for evaluating endothelial function 
which has traditionally relied on measuring the 
vasodilation of a conduit artery (flow-mediated dilation) 
following an increase in shear stress induced by a reactive 
hyperemia stimulus [8, 9]. Proponents of the FMS 
approach argue that a decrease in PWV during reactive 
hyperemia is flow-dependent and serves as an indicator 
of endothelial function. However, the relationship 
between the increase in blood flow and the decrease in 
PWV deserves further exploration.

The magnitude of blood-flow increase with reactive 
hyperemia can be altered by manipulating limb position 
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below or above heart level. Both Jasperse et  al. [10] 
and Bartlett et  al. [11] observed a greater magnitude 
of reactive hyperemia when the arm was positioned 
below heart level compared to when it was positioned 
above heart level. We took advantage of this approach 
to explore the mechanism of action for the reduction in 
peripheral arterial stiffness following reactive hyperemia. 
The purpose of this study was to examine the changes in 
PWV following reactive hyperemia-induced increases in 
conduit artery blood flow. We did not intend to evaluate 
FMS as a measure of endothelial function, rather to 
study the relationship between increases in blood flow 
and changes in PWV. We hypothesized that a larger 
magnitude of reactive hyperemia would result in a 
greater reduction in peripheral arterial stiffness.

2 � Methods
2.1 � Participants
Fourteen healthy young adults volunteered for this study. 
Participants were excluded for smoking, presence of 
cardiovascular, metabolic, and pulmonary diseases. Other 
exclusion criteria include hypertension or hypotension, 
diabetes, obesity (body mass index [BMI] > 35  kg/m2), 
anti-inflammatory medication, and pregnancy. Females 
were studied between days 1–7 after menses begin to 
control for hormone status. We asked participants to 
refrain from exercise and caffeine for at least 24 h before 
their test. Participants were also asked to fast 4  h prior 
to their test. This study consisted of one visit in which 
all participants completed the experimental procedures. 
Height and weight were assessed using a standard 
stadiometer and an electronic scale, respectively.

2.2 � Experimental Procedures
Participants lay supine in a dimly lit and temperature-
controlled room for 10  min before instrumentation. 
Arterial beat-by-beat blood pressure was continuously 
monitored throughout the procedure using a finger cuff 
photoplethysmography sensor (Finometer, Pro, Finapres 
Medical System, Amsterdam, Netherlands) placed 
on the middle finger of the left hand. A rapid-release 
cuff (ED, Hokanson, Bellevue, Washington, USA) was 
positioned on the right upper arm which was supported 
by a stationary device (JawStand XP, Rockwell, Charlotte, 
North Carolina, USA), tilted to ~ 50° above and below 
heart level. Local pressure in the forearm at the two 
positions was estimated by adjusting for differences in the 
hydrostatic column between the heart and mid-forearm. 
Brachial arterial blood flow and brachial to radial PWV 
were measured as described below.

2.3 � Pulse Wave Velocity
Two pulse tonometers (Millar Instruments, Houston, 
Texas, USA) were utilized to obtain arterial pressure 
waveforms between the brachial artery and radial artery 
of the right arm. The arterial pressure waveform signals 
were recorded in real time and stored at 1000 Hz using 
Powerlab (AD instruments, Colorado Springs, Colorado, 
USA). The calculation of PWV was made from the 
measured distance between the brachial and radial 
arterial sites and pulse transit time between arterial 
pressure waves. The distance between the placement of 
the pulse tonometer on the brachial and radial artery was 
measured in a straight line using a tape measure. Pulse 
transit time was determined by measuring the time delay 
between the foot of the brachial and radial arterial pulse 
waves. An average time delay was obtained from the 
second derivative of the pressure waves for at least seven 
consecutive brachial and radial pulse waves. Automated 
calculations were performed using a macro programmed 
in Powerlab. In our laboratory, the coefficient of variation 
for resting brachial-radial PWV is 1.7%.

2.4 � Brachial Artery Blood Flow
Blood flow in the brachial artery of the experimen-
tal arm was assessed using high-resolution Doppler 
ultrasound (Prosound Alpha 7, Hitachi-Aloka, Japan) 
equipped with a linear probe operating between the 
5–13 MHz range and 60° insonation angle. Mean blood 
velocity was analyzed with blood velocity analysis soft-
ware (Cardiovascular Suite, Quipu, Pisa, Italy). Brachial 
artery blood flow (expressed in mL∙min−1) was calculated 
using the following formula: ([conduit artery diameter (in 
cm)/2]2 × π × mean blood velocity (in cm∙s−1) × 60). One-
second averages were used for the calculation of blood-
flow measurements. The peak blood-flow response was 
defined as the highest one-second blood-flow value fol-
lowing the release of the cuff occlusion.

2.5 � Reactive Hyperemia
Participants underwent two reactive hyperemia 
conditions on the same day: one with the arm positioned 
∼ 50ο above heart level and one with the arm positioned 
∼ 50ο below heart level, the order of which was 
counterbalanced. To perform reactive hyperemia, the 
rapid-release cuff on the right upper arm was inflated 
to 220  mmHg to occlude arterial inflow and sustained 
for 5 min. Brachial arterial blood flow was continuously 
monitored from 1 min before cuff inflation (e.g., baseline) 
to 3  min after release. PWV measurements were made 
before cuff inflation (e.g., baseline) and 5, 15, and 30 min 
after release of the cuff pressure.
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2.6 � Statistical Analysis
Statistical analyses were performed using IBM SPSS 
version 28.0. (IBM Corp., Armonk, New York, USA). 
Statistical significance was a-priori defined at p ≤ 0.05. 
A two way (position × time) repeated measures ANOVA 
was used to evaluate differences in PWV between 
reactive hyperemia above and below heart level. When 
a significant effect was found, post-hoc analysis using 
Bonferroni adjustment was applied. Based on our 
previously published data which showed a nadir in PWV 
5  min post-reactive hyperemia [12], we determined 
a-priori to specifically examine the magnitude of change 
in PWV from baseline to 5  min post. This comparison 
was accomplished with a paired sample T-test examining 
the absolute and relative changes in PWV. Paired sample 
T-tests were also performed to evaluate the absolute 
and relative changes in blood flow from baseline to peak 
values above and below heart level. Data are presented as 
mean ± standard deviation.

Sample size for this study was estimated based on the 
variability in the study by Naka et al. 2006. The results of 
the power analysis indicated that 10 participants would 
allow detection of a meaningful difference of 1 m/sec in 
PWV with > 80% power and an alpha at 0.05.

3 � Results
A total of 14 participants were included in this study 
(5 females, 9 males) and descriptive characteristics are 
presented in Table 1.

Figure 1 depicts the brachial to radial PWV measure-
ments following reactive hyperemia with the experimen-
tal arm positioned above and below heart level. There 
was a significant position × time interaction (p = 0.028). 
Brachial to radial PWV was higher at baseline and all 
subsequent time points when the arm was positioned 
below the heart than when it was positioned above the 
heart. The absolute change in brachial to radial PWV 
was greater with the arm below the heart compared to 
above the heart (p = 0.007, Fig.  2A). Given the baseline 
differences between positions, the percentage changes 
in brachial to radial PWV were also compared. At 5-min 
after reactive hyperemia, the percent change in PWV was 
greater when the arm was positioned below the heart 

compared to when positioned above the heart (p = 0.043, 
Fig.  2B). Mean arterial pressure (MAP) did not change 
(p = 0.251) between positions or across time points 
(Table  2). The estimated local pressure with the arm 

Table 1  Descriptive characteristics of participants (n = 14)

Data presented as mean ± SD

BMI body mass index

Age, years 25 ± 5

Male/Female, n 9/5

Height, cm 169.9 ± 8

Weight, kg 71.2 ± 15

BMI, kg/m2 24.9 ± 4

Fig. 1  Brachial to radial pulse wave velocity (PWV) measurements 
in the experimental arm following reactive hyperemia with the arm 
positioned above and below heart level. BL = baseline, *Significant 
differences between above and below heart level (p < 0.001), n = 14

Fig. 2  Change in brachial to radial PWV from baseline to 5-min post. 
Panel A shows absolute changes and panel B shows relative changes. 
*p = 0.007, + p = 0.043 n = 14
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below the heart was 100 mmHg and with the arm above 
the heart was 54 mmHg.

Figure  3 displays the ensemble averages of the blood-
flow responses to the two reactive hyperemia conditions. 
Immediately following the release of the cuff, there was 
a rapid increase in blood flow in both positions with the 
pattern of the responses being similar. Peak blood flows 
were used to quantitatively assess the positional differ-
ences (see Fig.  4). Peak brachial artery blood flow was 
greater with the arm below the heart (477 ± 145 vs 369 ± 
137 ml/min; p < 0.001).

4 � Discussion
The objective of this study was to explore how increases 
in conduit artery blood-flow impact peripheral arterial 
stiffness. A unique aspect of this investigation was 
manipulating blood-flow responses following reactive 
hyperemia by altering the limb position, with the arm 
positioned above and below heart level. The primary 
findings of the study can be summarized as follows: 
First, there was an acute reduction in peripheral arterial 
stiffness following reactive hyperemia, both above and 
below heart level. Second, there was a greater reduction 
in peripheral arterial stiffness and a larger blood-
flow response when the arm was positioned below 
the heart rather than above it. These data suggest that 
the mechanism for position-related differences in the 
reduction in peripheral arterial stiffness with reactive 

hyperemia is associated with the magnitude of increase 
in blood flow.

In the current study, the application of reactive 
hyperemia, whether conducted above or below heart 
level, resulted in a reduction in peripheral arterial 
stiffness at 5-min. However, the reduction was 
ephemeral, returning to baseline levels by 30-min. It 
might be interesting to ask how quickly the change in 
PWV can occur after an acute change in flow. However, 
it is not technically feasible to simultaneously measure 
brachial artery blood flow with doppler ultrasound 
and measure brachial-radial PWV with tonometry. 
Although previous studies did not manipulate limb 
position, they reported similar outcomes regarding 
changes in peripheral arterial stiffness in response to 
reactive hyperemia. In the study conducted by Naka et al. 
[13], there was an acute decrease in peripheral PWV 
by 14% following cuff occlusion in healthy individuals, 
with PWV levels returning to baseline within 10  min. 
Similarly, Cauwenberghs et  al. [14] observed a peak 
reduction in brachial-radial PWV of ∼ 17% following a 
5-min occlusion in younger individuals. Ellins et al. [15] 
found that reactive hyperemia led to an 18% reduction in 
brachial-radial PWV in healthy individuals. As previously 
reported by our laboratory [12] reactive hyperemia 
with the arm at heart level led to an acute reduction in 
peripheral arterial stiffness of ~ 17% following a 5-min 
cuff occlusion. Thus, this body of literature consistently 
indicates that reactive hyperemia results in an acute 
reduction in peripheral arterial stiffness.

The proposed mechanism underlying the acute 
reduction in peripheral arterial stiffness to reactive 
hyperemia is thought to be flow-mediated. Importantly, 
none of the aforementioned studies by Naka [13], 
Cauwenberghs [14], and Ellins [15] measured or 
manipulated blood flow. In our previous study [12] we 
assessed brachial artery blood flow and manipulated the 

Table 2  Mean arterial pressure (mmHg) across timepoints

Data presented as mean ± SD

Baseline 5-min 15-min 30-min

Above Heart Level 91 ± 11 87 ± 9 91 ± 10 92 ± 10

Below Heart Level 88 ± 7 88 ± 8 85 ± 10 91 ± 7

Fig. 3  Ensemble average of individual participants’ brachial 
blood-flow responses to reactive hyperemia above and below heart 
level. Cuff release occurred at time 0. n = 14

Fig. 4  Peak brachial blood-flow responses to reactive hyperemia 
when the experimental arm was above and below heart level. 
*Significant difference between above and below heart level. 
(p < 0.001). n = 14
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blood-flow response to reactive hyperemia via restricting 
arterial inflow. The results showed that brachial to radial 
PWV did not change significantly in response to reactive 
hyperemia when the blood-flow increase was blunted. In 
the current study to gain further understanding of how 
changes in blood-flow impact peripheral arterial stiffness, 
we measured brachial artery blood flow and altered the 
magnitude of increase in blood flow by manipulating 
limb position. The results show a larger reduction in 
peripheral PWV when the arm was positioned below 
the heart where the increase in blood flow was greater. 
This finding supports our previous conclusion that the 
reduction in peripheral arterial stiffness is influenced by 
the magnitude of blood-flow increase.

Manipulating limb position impacts the magnitude 
of blood-flow changes following reactive hyperemia. 
Previous research has revealed that reactive hyperemia 
elicits a higher blood-flow response when the arm is 
positioned below heart level [10, 11]. To the best of our 
knowledge, no prior study has investigated the influence 
of limb position on peripheral arterial stiffness following 
reactive hyperemia. The current study highlights the 
utility of using limb position to manipulate blood flow. 
When the arm was positioned below the heart, there was 
a larger increase in blood flow with reactive hyperemia 
and a greater reduction in peripheral arterial stiffness.

An interesting finding in our study is the observed 
PWV differences between limb positions. Notably, 
peripheral PWV was higher when the arm was 
positioned below the heart compared to when it was 
above the heart. Our findings align with a study by Zieff 
et  al. [16], which investigated the pressure dependence 
of arterial stiffness measures and similarly observed that 
PWV varied based on limb position. Together our results 
demonstrate that local pressure in the vessels influences 
vessel stiffness. In the current study, when the arm was 
below the heart PWV was greater, indicating a stiffer 
vessel. The stiffer vessels had a greater reduction in PWV 
after reactive hyperemia. Our expectation is that, given 
the same stimulus in the absence of flow, stiffer vessels 
would exhibit a smaller reduction in stiffness than more 
compliant vessels. Although this reasoning is plausible, 
we acknowledge the lack of a flow-independent control 
makes it difficult to verify. Nevertheless, we attribute the 
greater reduction in peripheral PWV below the heart to 
the change in blood flow and not the baseline arterial 
stiffness.

This research broadens our understanding of how 
PWV responds to reactive hyperemia. A key strength 
of this study is the use of applanation tonometry for 
PWV measurement, a method acknowledged as the 
gold standard for PWV measurement [6, 7]. There are 
limitations to this study. The researchers were unblinded 

as to limb position when PWV analyses were completed. 
However, the use of an automated macro for calculations 
diminished the possibility of investigator bias. The 
participants were young healthy adults. Since age is a factor 
that can influence arterial stiffness, future studies should 
investigate PWV changes following reactive hyperemia in 
diverse age groups and clinical conditions.

5 � Summary/Conclusion
In summary, the findings indicate: 1) an acute reduction in 
peripheral arterial stiffness following reactive hyperemia, 
both above and below heart level, and 2) a greater decrease 
in peripheral arterial stiffness coupled with a greater blood-
flow response when the arm is positioned below the heart 
rather than above it. These results highlight the impact of 
conduit artery blood flow on peripheral arterial stiffness as 
measured by brachial-radial PWV.
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