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Brooks AM, et al. The purpose of this study was to determine if the vasodilator capacity of the popliteal artery in
women was augmented or the vasoconstrictor capacity in the lower extremity was attenuated in women with
orthostatic intolerance. Orthostatic tolerance was assessed using a graded lower body negative pressure test and
cumulative stress index (CSI). Popliteal artery diameter and velocity (Doppler ultrasound) was measured in 13
orthostatically tolerant and 7 orthostatically intolerant (OT: CSI range, -633 to -1875 mmHg; OI: CSI range, -80 to 552 mmHg·min; P = 0.015) women after 5 min of distal calf occlusion (FMD), 3 min of cold pressor test (CPT), and 5
min of distal calf occlusion combined with CPT (FMD+CPT). Peak popliteal diameter, measured during FMD+CPT
was not different from peak popliteal diameter during FMD. Popliteal FMD, normalized to the shear stimulus, was
not different between OT and OI women or between FMD and FMD+CPT. Despite similar vasoconstrictor responses
to CPT, assessed by the reduction in peak popliteal artery conductance (OT: -11.0±15.6%; OI: -9.1±23.8%), the
magnitude of change in peak popliteal conductance actually increased during FMD+CPT and was similar in OT vs.
OI women (OT: 5.8±31.5%; OI: 47.2±60.1%). In conclusion, endothelium dependent vasodilation of the popliteal
artery at rest is not enhanced in healthy women with varying degrees of orthostatic intolerance. The increase in
popliteal vascular conductance during the combined stimulus (FMD+CPT) may suggest inhibition of sympathetic
vasoconstriction via nitric oxide mediated vasodilation (or other dilators) and/or differential control of sympathetic
activation in the arms and legs.
Key Words: popliteal artery, flow mediated dilation, lower body negative pressure, endothelial function

INTRODUCTION
It is estimated that about 500,000 Americans
suffer from orthostatic intolerance, which is the
second most common blood pressure (BP) regulation
disorder (Ali et al., 2000). Orthostatic intolerance is
the inability to maintain BP in the upright posture and
can be experienced by people with autonomic
dysfunction, astronauts returning from spaceflight,
and subjects post bed rest (Bonnin et al., 2001).
However, even in the absence of an underlying cause,
healthy individuals and even athletes may experience

symptoms of insufficient BP regulation upon
assuming the upright position.
In order to maintain an upright posture, it is
critical to have an adequate vasoconstrictor response
during an orthostatic stress (Montgomery et al.,
1977), indicating that the balance between
vasoconstriction and vasodilation is crucial in BP
regulation. The vascular smooth muscle is responsible
for vasoconstriction and vasodilation of the
peripheral vasculature and receives input, not only
from humoral and neural mechanisms, but also from
local agents released by the endothelium. The
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potential role of the endothelium in BP regulation
during standing has not been well studied.
In order to maintain cardiovascular
homeostasis, paracrine agents are released by the
endothelium, that interact with humoral and neural
mechanisms (Guazzi et al., 2005). Endothelial
function is assessed by the degree of endothelialdependent vasodilation which occurs mainly through
the nitric oxide (NO) pathway (Green et al., 2014). NO
is produced in response to alterations in shear wall
stress, which is a major stimulus of the endothelium
(Bonnin et al., 2001). Flow mediated dilation (FMD) is
a common noninvasive assessment of vascular
endothelial function via ultrasound assessment of
vessel diameter and blood velocity changes in
response to occlusion-induced hyperemia (Harris et
al., 2010). An orthostatic challenge is characterized by
acute changes in arterial BP and flow, which will
increase wall shear stress by pooling of the blood in
the dependent regions of the body (Bonnin et al.,
2001). This suggests that NO production and release
will be stimulated during orthostasis, potentially
causing vasodilation if not adequately offset by other
vasoconstrictive mechanisms (Goswami et al., 2013).
Studies have suggested that there is
augmented endothelial function in patients with
neurally mediated syncope, as well as after prolonged
periods of head down bed rest (Galetta et al., 2006;
Parker et al., 2007; Takase et al., 2000). For instance,
seven days of bed rest enhanced FMD in the brachial
artery, which was negatively correlated with the
duration of the standing test in symptomatic subjects
(Bonnin et al., 2001). This suggests that augmented
vasodilation contributes to insufficient BP regulation
during an orthostatic stress. In a similar case, the FMD
response in the anterior tibial artery, post bed rest,
was also augmented indicating enhanced
endothelium dependent vasodilation after bed rest in
both extremities (Platts et al., 2009). Together, these
data suggest that there is a relationship in vascular
responses between the upper and lower limbs after
prolonged head down bed rest.
Not only is the vasodilatory aspect of vascular
tone altered in individuals with orthostatic
intolerance, there is attenuated vasoconstriction in
these populations as well. For example, patients with
postural orthostatic tachycardia syndrome, a variant
of orthostatic intolerance, do not exhibit normal

arterial vasoconstriction in the arteries of the lower
extremities and experience increased blood flow to
the lower extremities when assuming the upright
position (Stewart, 2002). Additionally, there is
reduced capacity for vasoconstriction after bed rest
and spaceflight (Buckey et al., 1996). Shoemaker et al.
(1998) demonstrated that forearm blood flow and
vascular conductance decreased in subjects post bed
rest
and
that
sympathetically
mediated
vasoconstriction of the forearm during FMD was
attenuated. Accordingly, others (Lind et al., 2002)
reported a reduction in brachial FMD during a cold
pressor test (CPT), which causes an acute increase in
sympathetic tone. By overlaying the CPT during the
FMD, the balance between vasodilation and
vasoconstriction can be studied. This unique design
(Parker et al., 2007) has not been investigated in
healthy individuals with varying degrees of
orthostatic intolerance.
Orthostatic intolerance tends to affect more
women than men (Convertino, 1998; Easton et al.,
2009) and one explanation includes the influence of
estrogen on the peripheral vasculature. For example,
estrogen decreases vascular tone via the NO pathway
(Waters et al., 2002). Additionally, women have
demonstrated
blunted
responsiveness
to
vasoconstrictors including norepinephrine and
endothelin (Ergul et al., 1998; Kneale et al., 2000).
Considering this evidence, women demonstrate
decreases in vascular tone and blunted responses to
vasoconstrictors, which could contribute to their
increased susceptibility to orthostatic intolerance.
Thus, the purpose of this study was to determine if
there is enhanced endothelium dependent
vasodilation of the popliteal artery or if there is
decreased ability to vasoconstrict a dilated vessel in
the dependent region (a region important for the
maintenance of upright blood pressure) in those with
orthostatic intolerance when compared to control
group. We hypothesized that women with orthostatic
intolerance would have enhanced endothelium
dependent vasodilation compared to control women,
as seen as augmented popliteal FMD responses. It
was further hypothesized that women with
orthostatic intolerance would have attenuated
popliteal vasoconstrictor responses to the CPT during
FMD.
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METHODS
Participants
Sample size determination was performed in
SigmaPlot 12.5 (San Jose, CA). Based on Takase et al.
(2000), who examined those with neurally mediated
syncope and controls, it was determined that 12
subjects were needed in each group—orthostatically
tolerant (OT) vs. orthostatically intolerant (OI) to
detect a difference of 6.0% in FMD between groups
with a SD of 5.0% (power of 80% and alpha set at
0.05). Twenty-eight subjects volunteered and gave
their written informed consent to participate in the
study, which was approved by the Northern Arizona
University Institutional Review Board. Eight women
were excluded due to the following reasons: one
woman had unusable data, one woman did not follow
pre-study instructions outlined in the experimental
design, and the five other women due to scheduling
conflicts. Subjects were divided into OT (13 subjects)
and OI (7 subjects). Orthostatic intolerance was
defined as a cumulative stress index (CSI) ≥ -600
mmHg*min as measured in the lower body negative
pressure test described below (Wenner et al., 2013) .
Baseline subject characteristics are outlined in Table
1. Exclusionary criteria were: smoking or living with a
smoker, excessive alcohol consumption (>2 alcoholic
beverages, 3x/week), recreational drug use,
significant medical history including cardiovascular,
pulmonary, and metabolic diseases, use of
medications with hemodynamic effects, fainting
disorders, body mass index ≥ 30 kg/m2, systolic blood
pressure (SBP) < 90 mmHg, blood donation within last
six months, or current pregnancy. All subjects
reported normal menstrual cycles.
Subjects underwent a screening protocol,
which
consisted
of
a
12-lead
resting
electrocardiogram and BP measurement, evaluation
of medical history, and completion of the
International Physical Activity Questionnaire (Craig et
al., 2003).

Table 1. Subject Characteristics.
Tolerant (n=13)
Intolerant (n=7)
Age (yrs)
20.8±1.5
21.4±3.1
Height (m)
1.65±0.06
1.63±0.05
Weight (kg)
62.8±9.1
57.8±8.2
BMI (kg/m2)
22.8±2.8
21.7±2.2
BSA (m2)
1.7±0.1
1.6±0.1
SBP (mmHg)
108±7
108±6
DBP (mmHg)
72±5
72±7
HR (bpm)
70±9
79±9
Total MET3921±3070
5176±1454
min/week
Total Sitting
425.6±161.2
265.7±116.0
min/day
CSI (mmHg·min)
-923.4±686.4
-334.8±220.9*
Data are expressed as means±SD. BMI, body mass index; BSA,
body surface area; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HR, heart rate; CSI, cumulative stress index.
*Significant difference between groups. P < 0.05.

Protocol
Subjects reported to the Cardiovascular
Regulation Laboratory at Northern Arizona University
for the study visit following a 4-hr fast, having
refrained from vitamin supplementation for 72-hrs
prior to testing, refrained from caffeine and alcohol
for 48-hrs prior to testing, and limited physical activity

for 12-hrs prior. Subjects were instructed to empty
their bladders and a pregnancy test was
administered. A negative test was required before
testing. Participants were tested during the early
follicular phase of the menstrual cycle to minimize the
influence of female hormones. The subject’s weight
was obtained at the beginning of the study visit.
All subjects participated in 4 parts of the
experiment (Figure 1) in a single study visit in which
Doppler ultrasound was used to assess popliteal
diameters and velocities. The 4 parts included FMD,
CPT, and CPT superimposed on FMD (FMD + CPT), as
well as a graded maximal lower body negative
pressure (LBNP) test used to determine CSI and assess
orthostatic tolerance. Each part of the experiment
was separated by a 10-min rest period. FMD, CPT,
and FMD + CPT were performed in a randomized
order, while LBNP was always performed last. Beatby-beat BP (Finometer MIDI, ADInstruments,
Colorado Springs, CO) and HR (ECG module,
ADInstruments, Colorado Springs, CO) were
continuously measured throughout the study visit.
BP was also obtained via electrosphygmomanometry
(SunTech Tango+, Morrisville, NC) on the brachial
artery. Popliteal diameter and velocity were
measured during FMD, CPT, and FMD + CPT using
ultrasound. The artery was imaged with a 5-8 MHz
multifrequency linear array probe (Acuson Sequoia
C256, Acuson Corporations, Mountain View, CA).
Once a satisfactory image was obtained using B-mode
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imaging, the placement of the probe was marked on
the leg to ensure the site of measurement did not
change during the experiment. Doppler velocity was
measured using the standard 60˚ angle of insonation
(Harris et al., 2010). The ultrasound protocols were
recorded on videotape for subsequent off-line
analysis. All sessions were conducted in dimmed light
with an ambient temperature of 22.1±2.2°C.

Popliteal FMD was measured in the left leg
with the subject lying prone. A BP cuff was placed
around the calf, 5-8 cm distal to the popliteal fossa.
After the subject rested in the prone position for at
least 10 min, resting popliteal artery diameter and
velocity were measured for 1 min before inflation of
the cuff. The cuff was inflated to ~250 mmHg for 5
min; diameter and velocity recordings resumed 1 min
before cuff deflation and continued for 5 min after
deflation. For the CPT, baseline (BL) measurements
of diameter and velocity were taken for 1 min. Two
bags of a 2-4˚C mixture of ice and water were placed
on the right hand (one bag on bottom and one bag on
top) for 3 min. Diameters and velocities were
measured throughout the CPT, and measurements
continued for 3 min of recovery after the bags were
removed from the subject’s hand. For assessment of
FMD with the CPT, BL diameter and velocity
measurements were taken for 1 min. The FMD
protocol was repeated in an identical fashion except
that CPT (as described above) was superimposed on
the protocol such that the ice water bags were placed
at minute 3.5 of the 5-min occlusion (OCL) and
continued for 3 min until 1.5 min after cuff release.
This timing ensured that a sufficient sympathetic
stimulus would occur during peak vasodilation. For
the LBNP procedure, subjects laid in the supine
position with their lower body inside the LBNP box,

which was sealed at the level of the iliac crest. After
~20 min of supine rest, 5 min of BL measurements
commenced. The LBNP test started with the
application of negative pressure at -10 mmHg for 5
min, followed by -15 mmHg for 5 min. Each
subsequent stage decreased pressure by 5 mmHg (20, -25, -30, -35, -40 mmHg) in 5 min intervals until
presyncope. If the subject reached -40 mmHg, the
pressure would remain at -40 mmHg until presyncope
or 60 min of LBNP. The CSI was calculated for each
subject by summing the product of the negative
pressure (mmHg) and the time (min) spent at that
stage (Wenner et al., 2013). A more negative CSI
indicated a more negative pressure attained prior to
presyncopal symptoms and thus greater orthostatic
tolerance. The subjects were then divided into
orthostatic tolerant (OT) and orthostatic intolerant
(OI) groups.
Beat-by-beat BP was monitored and test
termination was determined using any one of the
following criteria: a decline in SBP >20 mmHg; a
decrease in SBP to <70 mmHg; a decrease in SBP to
<90 mmHg associated with symptoms of dizziness,
light-headedness, nausea, difficulty breathing,
sweating, or a loss of peripheral vision; a rapid decline
in HR of >25 bpm; or progressive symptoms of
presyncope accompanied by a request from the
subject to terminate the test. After LBNP was
terminated and chamber pressure returned to
atmospheric pressure, subjects remained supine for a
5 min recovery.
During data analysis, the popliteal artery
diameter and velocity measurements for FMD
measurements were obtained for 1 min at BL and
during the last minute of OCL. BL and OCL diameters
were calculated as the average of 10 consecutive
cardiac cycles taken over the 1-min BL and last minute
of OCL, respectively (Harris et al., 2010).
Measurements of diameter were also taken at 40, 50,
60, 70, 80, 90, 100, 110, 120, 180, 240, and 300 s after
cuff deflation. Three consecutive cardiac cycles were
analyzed for post-deflation time points (Liang et al.,
1998). Measurements at each cardiac cycle were
sampled at end diastole and averaged from 3
measurements taken from anterior to posterior wall
(Harris et al., 2010). Blood flow velocity was
measured at BL, during the last minute of OCL, and 30
s after cuff release. A time-averaged, angle-corrected
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Figure 1. Timeline of experimental protocol.
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maximum velocity (highest velocity across the cardiac
cycle) was calculated from a trace of the velocity-time
integral from the average of 10 full cardiac cycles for
BL and OCL velocities (Harris et al., 2010).
FMD was calculated as the absolute and
percent change in diameter from either BL or the last
minute of OCL to peak. We calculated post OCL area
under the curve (AUC) shear rate (SR,
4*velocity/diameter) with the trapezoidal rule, using
the diameter measured immediately before cuff
release (OCL diameter) and velocity measurements
for 30 s after cuff release (until it was necessary to
switch into high-resolution 2D mode to image peak
diameters). Previous research (Parker et al., 2006)
demonstrated that diameter does not change
appreciably after cuff release when peak blood
velocity and shear rate are observed, and the Sequoia
ultrasound machine is not able to measure highresolution diameters and velocity simultaneously.
FMD was then normalized to the 30 s AUC SR, which
has a good correlation between the SR calculated to
60 s or to the individual peak diameter (Thijssen et al.,
2011). FMD is reported as the peak %change in
diameter (%FMD) from the OCL measurement. This
measurement was used as adjustments to the image
were sometimes necessary during OCL and thus the
probe position and image during the OCL were the
same as those during the release period.
BL, OCL, and peak popliteal blood flow (PBF)
were derived from the formula: blood
velocity•π•(popliteal diameter/2)2•60; where PBF is
in mL/min, blood velocity is in m/s, popliteal diameter
is in mm, and 60 is used to convert from mL/s to
mL/min. Resting, OCL, and peak popliteal vascular
conductance (PVC) were calculated as PBF/mean
arterial pressure (MAP).
To examine the influence of CPT on peak
reactive hyperemia, we calculated the percent
reduction in hyperemic PVC during sympathetic
stimulation as: (peak PVCFMD+CPT – Peak PVCFMD)/Peak
PVCFMD • 100; where the difference between PVC
measured after 5-min calf OCL and PVC measured
when CPT was superimposed on OCL is divided by PVC
measured after 5-min calf OCL. Additionally, we
compared this value with the PVC percent reduction
relative to rest observed during CPT alone (PVCrest –
PVCCPT)/PVCrest * 100) to account for any differences
in vasoconstrictor responses.

To examine the influence of CPT on FMD, we
examined all components of the dilatory response–
absolute diameter changes, percent diameter
changes relative to BL or OCL, 30-s AUC SR, and
percent diameter changes normalized to the AUC SRbetween FMD and FMD+CPT.
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Statistical Analysis
Data are reported as means ± SD. Statistical
analysis was carried out using a t-test to assess BL
subject characteristics. Mann-Whitney Rank Sum test
was used if normality failed. A three-way ANOVA was
used to compare diameter, blood flow, and vascular
conductance in FMD and FMD+CPT [group (OT, OI) x
condition (FMD, FMD+CPT) x stage)], and a two way
repeated measures ANOVA was used to compare BP,
diameter, blood flow, and vascular conductance in
CPT (group x stage), and to compare %dilation and
changes in conductance between groups and
conditions (group x condition). Tukey’s post hoc
analysis was used when significance was found.
Statistical analyses were performed using Sigma Plot
(San Jose, CA). The LIFEREG procedure in SAS 9.4
(Cary, NC) was used to assess the relationship
between FMD and cumulative stress index. LIFEREG
allows for regression analysis to be performed on
right censored data, since we terminated lower body
negative pressure at 60 min, if individuals did not
become presyncopal. In all cases, differences with P <
0.05 were considered significant.
RESULTS
Baseline subject characteristics are outlined
in Table 1. Subjects were well matched for baseline
characteristics; there were no significant differences
between the women in the OT and OI groups in age,
height, weight, BMI, body surface area (BSA), SBP,
diastolic blood pressure (DBP), HR, total METmin/week, or total sitting min/day. CSI was
significantly different between OT and OI subjects
(OT: range, -633 to -1875 mmHg; OI: range, -80 to 552 mmHg·min; P = 0.015).
Absolute diameter responses between FMD
and FMD+CPT are shown in Fig. 2. Popliteal diameter
was smaller in OI women compared to OT women
during FMD and FMD+CPT (OT: 0.53±0.05 cm, OI:
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Table 2. BP and HR during CPT.
SBP (mmHg)

BL
CPT
REC

OT
109±8
114±11*
110±10

OI
103±7
107±7*
103±5

DBP (mmHg)

BL

68±7

70±6

CPT

77±8*

72±7

REC

69±8

68±9

BL

69±8

70±11

CPT

74±9*

74±15*

REC

68±7

69±13

HR (bpm)

*Difference from BL. P < 0.001

0.50±0.07 cm, P = 0.004), but was similar between
conditions. Diameter increased after cuff release
compared to BL (Fig. 2B) and was similar between
conditions and groups (OT FMD: BL, 0.53±0.06 cm;
Peak, 0.54±0.06 cm; P = 0.023), and was decreased
during CPT compared to BL in both groups (OT: BL,
0.53±0.04 cm; CPT, 0.51±0.04 cm; P < 0.001). SBP and
DBP increased similarly during CPT compared to BL in
both groups (OT SBP: BL, 108±8 mmHg; CPT, 114±11
mmHg; OT DBP: BL, 68±7 mmHg; CPT, 77±8 mmHg;
both P < 0.001). The OCL dilatory response
normalized to the AUC SR was not significantly
different between the OI and OT groups or between
conditions (Fig. 3).

Figure 2. A: Diameter during BL, min 2 of CPT, and REC. B: Diameter during BL, OCL, and PEAK in OT and OI subjects
for FMD and FMD+CPT.

% Dilation / 30 s AUC Shear Rate

*Difference from BL in both groups. †Difference between groups. P < 0.05.
0.0030
OT
OI

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000
FMD

FMD+CPT

Figure 3. Comparison of average normalized FMD
responses during FMD and FMD+CPT in OT and OI
groups. Dilation was calculated as %increase above
OCL diameter divided by the 30-s AUC for shear rate
immediately following cuff release.
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Blood pressure and HR responses to CPT are
outlined in Table 2. SBP was similar between OT and
OI subjects and increased during CPT compared to BL
(P < 0.001). DBP increased during CPT compared to
BL in OT subjects (P < 0.001), but was similar between
stages in OT subjects. HR increased during CPT in both
groups compared to BL (P < 0.001).
Popliteal BF and VC are outlined in Table 3. BF
was not different between the groups, and there was
an increase during PEAK compared to BL and OCL
during FMD and FMD+CPT (P < 0.001). BF was similar
between FMD+CPT and FMD in both groups (P =
0.05). There was no difference in BF during CPT
between groups or compared to BL. VC was similar
between groups, and was larger during PEAK
compared to BL and OCL during FMD and FMD+CPT
(P < 0.001), and smaller during CPT (P = 0.025).
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Percent changes in conductance were similar
between OT and OI subjects (Fig 4). Both groups had
a similar reduction in vascular conductance from BL
to CPT, however both groups saw an increase in
conductance after superimposition of CPT on FMD

compared to FMD (OT: CPT, -11.0±15.6%, FMD+CPT,
5.8±31.4%; OI: CPT, -9.1±23.8%, FMD+CPT,
47.2±60.0%; CPT to FMD+CPT, P = 0.004). Regression
analysis revealed that there was no relationship
between FMD and CSI (P = 0.78).

Table 3. Popliteal blood flow and vascular conductance during FMD, FMD+CPT, and CPT at BL, OCL, PEAK, and CPT
in tolerant and intolerant subjects.
Popliteal Blood Flow
(mL/min)
OT
FMD

Popliteal Vascular Conductance
(mL/min/mmHg)
OI

OT

BL
42.9±16.3
35.3±20.8
0.54±0.22
OCL
29.6±14.9
21.7±16.1
0.36±0.18
PEAK
434.4±131.3*
337.4±122.1*
5.41±1.50*
FMD+CPT
BL
50.9±25.7
38.6±14.8
0.64±0.35
OCL
32.2±15.4
25.5±13.8
0.37±0.17
PEAK
519.6±214.3*
455.8±173.1*
5.76±2.07*
CPT
BL
42.5±13.2
35.0±19.3
0.53±0.18
CPT
41.5±17.3
33.7±14.9
0.47±0.20**
*Difference from BL and OCL in FMD and FMD+CPT in both groups. **Difference from BL in CPT in both groups.

Figure 4. Resting % reduction in conductance during
CPT. % change in peak popliteal (post-hyperemic)
conductance when CPT was superimposed on FMD
(CPT+FMD).

OI
0.44±0.26
0.27±0.19
4.20±1.53*
0.49±0.17
0.32±0.15
5.85±1.97*
0.42±0.22
0.41±0.18**
P < 0.05

DISCUSSION
Evidence suggests that there is an imbalance
between vasodilation and vasoconstriction in
patients with orthostatic intolerance. This alteration
in vessel tone has not been characterized in the
healthy population. The present study utilized FMD

and
concomitant
application
of
the
sympathoexcitatory CPT in healthy orthostatically
tolerant and intolerant subjects to test the hypothesis
that endothelial function would mediate orthostatic
tolerance. The major findings of this study were: 1)
there was no difference in popliteal artery FMD
between OT and OI subjects, 2) both groups
demonstrated a larger peak conductance when CPT
was superimposed on FMD compared to FMD alone,
and 3) changes in popliteal vascular conductance
during CPT and FMD+CPT were similar between OT
and OI subjects. These findings do not support the
hypothesis that individuals with orthostatic
intolerance have augmented popliteal FMD
compared to tolerant individuals, nor that intolerant
subjects have attenuated vasoconstriction during the
CPT.
We demonstrated that FMD was not
different between groups and that there was no
relationship between FMD and CSI. Previously
reported, the flow induced dilation translates to 5%15% of the BL diameter in healthy individuals (De
Roos et al., 2003). Both groups in the current study
fell within this healthy range and the intolerant group
did not have augmented responses as expected. We
hypothesized that popliteal FMD would be enhanced
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in orthostatically intolerant subjects because it has
been previously shown that anterior tibial artery FMD
was augmented post bed rest in Platts et al. (2009).
In another case, Bonnin et al. (2001) reported
enhanced FMD following bed rest that was negatively
correlated with the duration of the standing test in
symptomatic subjects. This suggests that the
endothelium dependent vasodilatory pathway may
have been enhanced after bed rest induced
orthostatic intolerance. To illustrate this point,
research has reported that acute hind-limb
unweighted rats experienced an upregulation of the
endothelial-dependent NO/cGMP pathway through
NO synthase phosphorylation (Vaziri et al., 2000;
White et al., 2010).
However, this alteration in endothelial
function may not translate to a healthy population.
Prior to bed rest, Bonnin et al. (2001) reported that
there was no correlation between FMD and tolerance
to the standing test. Physical inactivity during bed rest
represents a strong stimulus that induces remodeling
of artery diameter, specifically decreases in the
femoral artery (van Duijnhoven et al., 2010). It is
proposed that this arterial remodeling leads to the
orthostatic intolerance seen after durations of
physical inactivity that occur in bed rest and space
flight. We found that our subjects were well matched
for physical activity. The IPAQ revealed that OI
subjects were not less physically active than OT
subjects and did not have increased weekly sitting
time, which indicates that physical inactivity and
arterial remodeling did not contribute to the
orthostatic intolerance in our subjects. Even though
OI subjects had decreased popliteal diameters
compared to OT subjects in the FMD and FMD+CPT
tests, their percent dilations were not larger. It has
been reported that FMD shows an inverse correlation
with increasing vessel size; however, our results did
not demonstrate a similar correlation (Celermajer et
al., 1992; Schroeder et al., 2000).
Another explanation contributing to
decreased orthostatic tolerance could involve
inadequate baroreflex mediated vasoconstriction or
attenuated release of endothelin upon upright
posture. For example, women have demonstrated
blunted responsiveness to vasoconstrictors including
norepinephrine and endothelin (Ergul et al., 1998;
Kneale et al., 2000). Baroreflex-mediated increases in

peripheral vasoconstriction and HR are principal
mechanisms that defend BP during orthostatic
challenges (Spaak et al., 2005). There is, however,
enhanced endothelial activity as a physiologic
response to upright displacement in human beings,
seen as increases in brachial FMD during orthostatic
stress (Guazzi et al., 2005; Guazzi et al., 2004). There
is the possibility that we did not see an augmented
endothelial response because we assessed
endothelial function before orthostatic stress rather
than during or after. However, based on the current
findings, it is likely that the NO mediated vasodilation
at rest in the arterial circulation of the lower limbs
does not contribute to orthostatic intolerance in a
healthy population.
It may also be of importance to note that
FMD may be more related to initial orthostatic
hypotension rather than total time to presyncope.
Initial orthostatic hypotension is associated with an
immediate and transient drop in BP due to a large
decrease in resistance (similar to the local effects of
FMD), while time to syncope is more related to
vasoconstrictor reserve and cerebral vasoconstriction
(Thomas et al., 2009). For example, Fu et al. (2005)
concluded that a person’s orthostatic tolerance is
greatly dependent upon their vasoconstrictor reserve
during posture change. More specifically, women
have increased compliance in capacitance vessels in
the pelvic area, which creates more pooling of blood
in the pelvic region during orthostasis, leading to
reduced preload and decreased tolerance (Fu et al.,
2005; Jarvis et al., 2011). The mobilization of blood
volume is mainly limited to the veins of the splanchnic
circulation because, unlike the veins in the legs, it is
more compliant and is richly innervated with
sympathetic nerves (Gelman, 2008). Therefore, it is
likely that regional differences might exist and
attenuated vasoconstriction and increased pooling
may be more likely to occur in areas such as the
splanchnic vasculature of women, compared to the
arteries in the lower legs.
During FMD+CPT, there was an increase in
peak conductance compared to FMD alone. These
results differ from previous findings of a 5-8%
reduction during superimposition of CPT on FMD
relative to FMD alone (Parker et al., 2007). However,
another study reported that acute stimulation of the
sympathetic nervous system using the CPT decreased
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FMD in the arm, but did not alter the FMD response
of the superficial femoral artery (Thijssen et al., 2006).
Additionally, Jacob et al. (2000) reported that
norepinephrine spillover increased similarly in both
arms and legs during the CPT; however, vascular
resistance increased in the arms but unexpectedly
decreased in the legs (Jacob et al., 2000). This
suggests that limb differences in adrenergic receptor
sensitivity or density may account for different FMD
responses of the upper and lower limbs during acute
sympathetic stimulation.
The measure of FMD in brachial arteries
cannot be extrapolated to the lower limb vessels
(Thijssen et al., 2011b). Thijssen et al. (2011b) showed
that there was no correlation between FMD in the
conduit arteries of the upper limb (brachial) and in
the lower limbs (superficial femoral and popliteal) in
healthy young men. These differences in vascular
responsiveness between the arm and the leg have
been characterized in previous work, demonstrating
that lower limb arteries have decreased shear rate
and decreased FMD (Newcomer et al., 2004;
Newcomer et al,, 2008). However, Nishiyama et al.
(2007) reported that the brachial artery tended to
have a greater FMD than the popliteal artery when
expressed in %dilation above BL diameter, in contrast
to a significantly greater FMD in the popliteal artery
when %dilation was matched for shear stimulus.
These two vessels could possibly have differing shear
stress sensitivities resulting in enhanced vasodilation
in the leg (Nishiyama et al., 2007).
Padilla et al. (2009) hypothesized that there is
a limb-specific response to increased hydrostatic
pressure. They found that brachial artery FMD was
impaired after a bout of increased hydrostatic
pressure imposed by arm hanging (~3.5% reduction in
brachial FMD), however popliteal artery FMD was
unaltered after a short episode of upright sitting
(~1.5% reduction in popliteal FMD) which increased
the pressure gradient in the legs to a greater degree
than the arm hanging (Padilla et al., 2009). These data
suggest lesser sympathetic control of the arterial
circulation of legs compared with arms in humans
(Jacob et al., 2000) or differences in receptor density
or sensitivity caused from chronic exposure to larger
arterial and hydrostatic gradients.
There was no difference in the decrease in
conductance (~9%) seen during CPT between groups,

which indicates that each group had similar
vasoconstrictor responses, however this decrease in
conductance was much lower than previously
reported (~27%) (Parker et al., 2007). A potential
explanation may be that the CPT stimulus was not
adequate to see the expected sympathetic response,
which may also be a reason for the increase in
conductance during FMD+CPT. When comparing BP
responses to previous research using an ice water
slurry, the methods in the current study did not
produce comparable BP responses. In previous
research in our lab (unpublished findings), healthy
young women had an increase in SBP of 24±12 mmHg
(range: 7 – 42 mmHg) and in DBP of 20±8 mmHg
(range: 4-32 mmHg). The subjects in the current study
had an increase in SBP of 5±6 mmHg (range: -3 – 20
mmHg) and in DBP of 6±8 (range: -1 – 25 mmHg).
Others have also reported that healthy young women
had an increase in SBP of 13±2 mmHg and in DBP by
11±1 mmHg in response to the CPT using ice water
slurry (Greaney et al., 2015). Other researchers have
shown that the modality of cold application has an
effect on cooling efficiency, or the ability of the
cooling agent to bring the skin temperature to
homeostasis (Kennet et al., 2007). Since the ice water
was contained in sealed bags and not in direct contact
with the skin, it is possible that there was diminished
heat transfer from the subjects. This could decrease
the stimulus of cold and pain needed to
sympathetically increase vasoconstriction and BP.
The experimental setup was chosen because subjects
were required to lay prone on the experimental table
in a position that allowed adequate imaging of the left
leg with the ultrasound machine. This did not allow
enough room for the right arm to hang over the side
of the table and be placed in an ice water slurry.
Sympathetic activation is not homogenous
and depending on the stimuli, may induce
preferential vasoconstriction in some vascular beds
and not in others (Jacob et al., 2000). An enhanced
vasodilator response during sympathetic stimulation
has been previously reported (Harris et al., 2000). A
64% average increase in brachial FMD has been
reported during mental stress (Harris et al., 2000). A
potential explanation may be that the
catecholamines released during a mental stress test
enhance the bioavailability or augment the release of
NO and override the vasoconstrictor effect of

Journal of Kinesiology and Wellness, Volume 9, Number 1, 2020

37

Brooks et al., Endothelial Function in Healthy Young Women

catecholamines. Endogenous NO has an inhibitory
effect on the stimulated release of catecholamines
from the sympathetic nerves possibly due to the
direct chemical interaction with the catecholamine as
it is released (Kolo et al., 2004). The inhibition of
peripheral vasoconstriction has been proposed as an
dependent and subject to observer error (Thijssen et
al., 2011). Computer-assisted analysis that utilizes
edge-detection and wall-tracking software has
demonstrated significantly lower intra-observer
variation compared to the manual technique
(Thijssen et al., 2011?) but the former was not
available for the present study. Two, the LBNP
protocol may have been a limitation. We speculate
that the CSI’s from this protocol do not provide an
accurate representation of true orthostatic tolerance.
Even though we were able to produce the same CSI’s
previously stated in other studies between OT and OI
subjects, the gradual and low decrease in pressure in
our LBNP protocol may not have produced adequate
and pronounced pooling of the blood in order to
properly distinguish the groups. The degree of
pooling is proportional to the negative pressure
reached during LBNP (Lathers & Charles, 1993). It was
reported that -50 mmHg of LBNP produced changes
similar to that of 70˚ head up tilt. Lightfoot and
Tsintgiras (1995) found that maximal negative
pressure is better at assessing orthostatic tolerance
vs time during stages (Lightfoot & Tsintgiras, 1995).
Third, the CPT stimulus may not have been adequate
to produce a sufficient sympathetic response, which
may explain the increase in conductance seen during
FMD+CPT. An ice water slurry that allows direct
contact of the ice and skin may be needed for greater
activation of the sympathetic nervous system. Lastly,
the sample size was a limitation. Based on our sample
size calculation, 12 subjects were required for each
group. We had 13 OT and 7 OI participants. We had
28 subjects give their written informed consent to
participate, however 8 of those subjects had to be
excluded for reasons mentioned previously.

important mechanism of NO mediated vasodilation
(Guazzi et al., 2005).
There are a few limitations to this study. One,
the manual assessment of ultrasound parameters
was a limitation. This method is highly operator

CONCLUSION
In conclusion, this study examined
endothelial responses to FMD, CPT, and FMD+CPT in
both OT and OI subjects. Interestingly, we found that
resting popliteal artery FMD and changes in vascular
conductance were not different between the groups.
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