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Abstract

Purpose/Aim—Data from chronic stroke studies have reported reduced blood flow and vascular
endothelial function in the stroke affected limb. It is unclear whether these differences are present
early after stroke. First, we investigated whether vascular endothelial function in the stroke
affected limb would be different from healthy adults. Second, we examined whether between-limb
differences in vascular endothelial function existed in the stroke affected arm compared to the non-
affected arm. Last, we tested whether reduced vascular endothelial function was related to pro-
inflammatory markers that are present early after stroke.

Materials and Methods—Vascular endothelial function was assessed by flow-mediated dilation
(FMD) in the brachial artery within 72 hours post-stroke. All participants withheld medications
from midnight until after the procedure. Ultrasound scans and blood draws for pro-inflammatory
markers occurred on the same day between 7:30 am and 9:00 am.

Results—People with acute stroke had significantly lower FMD (4.2% = 4.6) than control
participants (8.5% + 5.2, p = 0.037). Stroke participants had between limb differences in FMD
(4.2% =+ 4.6 stroke affected vs 5.3% + 4.4 non-affected, p = 0.02) whereas the control participants
did not. Of the pro-inflammatory markers only vascular cell adhesion molecule-1(VCAM-1) had a
significant relationship to FMD (stroke affected limb, r = -0.62, p = 0.03; non-affected limb,
-0.75, p = 0.005), but not tumor necrosis factor alpha nor interleukin-6.
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Conclusions—Vascular endothelial function is reduced starting in the early stage of stroke
recovery. People with higher levels of VCAM-1 had a lower FMD response.
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flow-mediated dilation; vascular endothelial function; inflammatory markers; acute stroke

Introduction

The vascular endothelium has an integral role regulating vasomotor tone. Vascular
endothelial dysfunction results when this regulatory function is compromised and has been
associated with increased cardiovascular risk.(1, 2) Vascular endothelial dysfunction has
been reported in people with cardiovascular disease, hypercholesterolemia, and chronic
stroke.(1, 3-5) Individuals with chronic stroke have reduced femoral artery diameter and
blood flow in the stroke-affected leg compared to the non-affected leg at rest(4, 6-8) and
during exercise.(8) We reported that these vascular adaptations are observed during the
subacute period of stroke recovery.(9) Our findings showed that the brachial artery of the
stroke-affected arm had reduced vascular endothelial function when compared to the non-
stroke affected arm. However, an 8-week aerobic exercise program improved vascular
endothelial function by approximately 19% in both brachial arteries and the adaptations
remained at the one-month follow up. However, the stroke affected arm still had a lower
FMD when compared to the non-stroke affected arm. These are unique unilateral
adaptations that are not observed in healthy young and older adults and can influence
performance of activities of daily living and quality of life.(10),(11)

Nitric oxide (NO) is a known regulator of vascular endothelial function.(12) Elevated levels
of pro-inflammatory markers may interfere with signaling and reduce NO release, which
would result in decreased vascular endothelial function.(13) Previous work suggests that
individuals without hypertension prior to an acute stroke who present with elevated levels of
pro-inflammatory markers (vascular cell adhesion molecule 1; VCAM-1, tumor necrosis
factor-a.; TNF-a, and interleukin-6; 1L-6) had a new onset of hypertension.(14)
Furthermore, elevated levels of pro-inflammatory markers have been reported after
stroke(15-17) and have been strongly associated with poor outcomes (i.e., early neurological
decline).(14, 17) Therefore, it is plausible to suggest that pro-inflammatory markers may
interfere with NO bioavailability and have a negative effect on peripheral vascular
endothelial function starting in the acute stroke setting. Gaining insight into these vascular
changes may be useful information to support activity early after stroke, which could
minimize vascular decline. However, the current literature has not established a clear
timeline early after stroke when the impairment in vascular endothelial function occurs or
why these unilateral adaptations occur.

The purpose of this study was to characterize vascular endothelial function in people with
acute stroke. First, we examined whether vascular endothelial function measured using flow-
mediated dilation (FMD) would be different from age- and gender- matched controls. We
hypothesized that FMD would be reduced in the brachial artery in the stroke affected limb
when compared to the control group. Next, we examined whether between-limb differences
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in FMD were observed in the stroke affected arm when compared to the non-affected side.
We hypothesized that the stroke affected arm would have a reduced FMD when compared to
the non-stroke affected arm. Last, to explore a possible mechanistic hypothesis, we tested
whether reduced FMD was related to pro-inflammatory markers in those with an acute
stroke. Specifically, we hypothesized that reduced FMD would be moderately associated
with elevated levels of pro-inflammatory markers, VCAM-1, TNF-a, and IL-6.

Materials and Methods

Participants

Between March 2013 and April 2015, people admitted to XX hospital with acute stroke
were recruited into the study. Patients were admitted to an acute stroke unit and were
screened for the following inclusion criteria: 1) diagnosis of unilateral stroke from
neuroimaging, 2) the ability to consent within 72 hours of admission to the stroke unit, and
3) between 30-80 years of age. Individuals were not enrolled if the following exclusion
criteria were present: 1) acute renal failure, 2) ischemic cardiovascular event or coronary
artery bypass surgery less than 3 months prior to stroke, 3) severe peripheral artery disease,
4) diagnosis of congestive heart failure, and 5) unable to maintain position of the upper
extremity to access the brachial artery during ultrasound scanning. The control group was
recruited after the enrollment of the stroke participants to ensure age- and sex-matched.
Control participants were recruited from a database at the XX Center on Aging. We
provided age and sex to the person recruiting to ensure balance between the 2 groups.
Individuals were included in the study if they were free from cardiovascular disease and
hypertension (no diagnosis and not taking anti-hypertensive medications). They traveled to
the XX Lab at XX Medical Center for a single visit. The study was approved by the Human
Subjects Committee at the University of XX Medical Center. Institutionally approved
written consent was obtained prior to enrollment from all participants or the surrogate
decision maker (individuals with stroke only).

Flow Mediated Dilation (FMD)

Vascular endothelial function assessed by FMD using Doppler ultrasound was obtained from
bilateral brachial arteries in the upper extremities for all participants enrolled in the study.(9)
Participants refrained from food or caffeine for 12 hours prior to the ultrasound scan and
control participants were asked not participate in vigorous activity for 24 hours of the
ultrasound scan. All participants withheld medications from midnight until after the
procedure. Similar to previously published work, vasoactive medications were withheld.(18)
For consistency, all ultrasound scans occurred on the same day between 7:30 am and 9:00
am. Each participant rested supine for 20 minutes prior to the ultrasound examination. Heart
rate (HR) was monitored continuously using a 3-lead electrocardiogram (ECG). Resting
supine blood pressure (BP) was taken after the 20-minute rest period.

We have previously reported on our methodology to assess vascular compliance using non-
invasive FMD techniques.(9) Briefly, the arm was placed on a custom stabilizing device to
allow for optimal scanning of the brachial artery and to avoid arm movements during the

ultrasound imaging. The brachial artery was identified longitudinally at the same reference

Int J Neurosci. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Billinger et al.

Page 4

point, 2-3 cm proximal to the antecubital fossa using an ultrasound system and a 7.5 MHz
linear array transducer (Siemens Medical Solutions, Malvern, Pennsylvania). Once a
satisfactory image of the brachial artery was obtained, the transducer was stabilized using a
custom-designed holder. An insonation angle of 60° was used. Baseline diameter and blood
flow velocity was recorded continuously for one minute. The pneumatic cuff, (D.E.
Hokanson, Bellevue, Washington) which was placed distal to the olecranon process, was
then inflated to supra-systolic pressure (220 mmHg) and maintained for 5 minutes. Twenty
seconds prior to cuff deflation, recording of diameter and blood flow velocity began. At 5
minutes, the cuff was deflated and recording continued for a total of 3 minutes. All images
were stored on a computer and analyzed off-line using specialized software (Brachial
Analyzer, Medical Imaging Applications, Coralville, lowa). In our previous work, we stated
that “flow-mediated dilation (FMD) was calculated as the peak increase in arterial diameter
from the baseline value,”(9) which is a measure of vascular endothelial function.

Blood Analysis

Analysis

Blood draws were performed at the same time of day as the ultrasound scans. We collected
blood samples to assess levels of the pro-inflammatory markers, VCAM-1, TNF-a, and
IL-6. Approximately 10 mLs of venous blood were obtained from each participant on the
same day as the FMD procedure. Blood was immediately stored on ice to be transported to
the laboratory for processing and storage. Full blood was spun down in a centrifuge to obtain
and separate plasma. Centrifuge was cooled to 4 degrees Celsius and samples spun at 3,400
rotations per minute for 15 minutes. Plasma was then aliquoted into three separate tubes to
limit the number of freeze/thaw cycles. All plasma samples were frozen for storage at —80
degrees Celsius within one hour of collection from the participant. Enzyme-linked
immunosorbent assays (ELISAs) were used to quantify VCAM-1, TNF-a, and IL-6 after all
samples were collected from each participant. Procedures were performed according to
manufacturer’s recommendations.

Statistical Analysis—Based on the previously reported difference in mean values for
FMD between healthy controls (8.1+6.0%) and people with stroke (> 4 weeks post-stroke;
0.06+4.9%),(19) we determined that a sample size of n=11 in each group would be sufficient
to provide statistical power (two-tailed, alpha = 0.05) at 85%. We overenrolled (n = 15) to
account for effect sizes less than expected and to ensure reliable FMD scores.

Data analysis was performed with SPSS Version 22 (IBM, Armonk, NY) for Windows.
Values are expressed as mean + SD. One-way ANOVA was used to detect differences
between those with acute stroke and control group. Paired t-test was used to assess whether
between limb differences were present in the acute stage of stroke recovery. Pearson
correlation was used for correlation analyses between FMD and pro-inflammatory markers.
A significant p-value was < 0.05.
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We enrolled 30 participants into the study, 15 participants with an acute stroke, and 15 age-
and gender-matched controls. Twenty-eight participants (n =14 acute stroke, n = 14 control)
had complete data sets for the Doppler ultrasound and FMD technique. Participant
demographics (n = 28) are reported in Table 1.

Flow-mediated Dilation

We chose to analyze the stroke-affected limb to the control participant’s left limb as there
were no between limb differences for the control group (8.5% + 5.2 vs 8.2% = 5.5,p =
0.54). We report no significant difference between participants with acute stroke (stroke-
affected limb) and control participants left limb (F(y 2g) = 0.72; p = 0.39). However, in 3
individuals with stroke, we found a higher FMD response in the stroke- affected limb. We
report FMD values (19.0 % + 1.7) in the stroke-affected limb, which were greater than
values observed in the non- affected limb. In our previous work in subacute stroke,(9) we
have not observed this large FMD response in the stroke affected limb. In acute stroke,
values above 17% for FMD have not been reported.(20) We report these individuals (n = 3)
to have had a mild stroke (NIH Stroke Scale on admission to the stroke unit < 5, Range 3-5),
atrial fibrillation, normal body mass index, normotensive (not taking anti-hypertensive
medications) and length of stay was 3 days. We acknowledge that the information provided
is descriptive, but we have no other mechanistic or medical rationale for this large FMD
response in the stroke-affected limb.

We tested whether these 3 data points were considered to be outliers using the outlier
labeling rule(21) and found that 2 data points met the criteria to be considered outliers. We
then excluded these 2 individuals from subsequent analyses. Using one-way ANOVA, we
found that the participants with stroke had a lower mean %FMD in the affected limb (4.2%
+ 4.6) when compared to the control group (8.5% + 5.2; F(1 26) = 4.0, p = 0.04). When
comparing the non-stroke affected limb to the control group, we report the between group
differences approached significance (p = 0.06). We used paired t-tests to examine whether
between limb differences were present during acute stroke. We found that the stroke-affected
limb had a significantly lower FMD than the non-affected limb (4.2% + 4.6 vs 5.3% + 4.4, p
=0.02).

Flow-mediated Dilation and Pro-inflammatory Markers in Acute Stroke

Fasting values for the pro-inflammatory markers are presented in Table 2. We found that
only VCAM-1 was significantly related to FMD in the stroke-affected limb (r = -0.62, p =
0.03) and to the non-affected limb (-0.75, p = 0.005) see Figure 1). TNF-a and I1L-6 showed
a weak, but non-significant association to FMD values in both limbs.

Discussion

There is limited evidence regarding vascular endothelial function in acute stroke using
previously published methodological and physiological recommendations.(22) To better
understand vascular endothelial function early after stroke (within 72 hours of stroke) we
examined whether FMD would be different from age- and gender-matched controls with no
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cardiovascular disease or hypertension. Our primary finding was that people with acute
stroke had a lower brachial artery FMD than healthy individuals. We did report between-
limb differences in brachial artery FMD but only after the outliers (n = 2) were removed
from the data analysis. To better understand a potential mechanism for reduced vascular
endothelial function, we studied whether pro-inflammatory markers would be negatively
related to brachial artery FMD. Our findings suggest that only VCAM-1 had a strong and
significant negative relationship to brachial artery FMD. No significant relationship was
found between FMD and TNF-alpha or IL-6.

Flow-Mediated Dilation: Acute Stroke and Controls

Blood flow distribution is governed by a delicate balance between the parasympathetic and
sympathetic activity.(23) There is also a specific role of peripheral mechanisms (i.e.
metabolic demand) and communication between the vascular endothelium and the smooth
muscle in the vessel wall.(24, 25) Alterations in either central or peripheral regulation after
stroke may interrupt normal vascular function.

Although we have observed unilateral changes resting blood flow and arterial diameter in
the femoral artery of the hemiparetic leg in chronic stroke,(6, 7) it is unclear when these
changes occur or the mechanisms involved. Vascular endothelial function via FMD in the
brachial artery has been reported to be reduced in chronic(3) stroke when compared to
controls. A recent study examined people within 3 months of stroke and compared brachial
artery FMD to control patients without stroke.(26) They reported significantly lower FMD
values in the right brachial artery for the people with stroke (8.4+4.4% vs 12.6£4.9%).
However, the control patients were not age and gender- matched. For our study, individuals
in the control group were both age- and gender-matched and were free of hypertension and
cardiovascular disease. Our findings support recent work that FMD is significantly lower in
acute stroke when compared to the healthy individuals free of hypertension and
cardiovascular disease. Following recommendations for FMD methodology, both groups
refrained from vitamins, medications and fasted overnight.(22) For the stroke participants,
vasoactive drugs were not given. However, we cannot rule out some effect of the
medications especially those that may have a longer half-life on the FMD response in people
following an acute stroke. Therefore, we cannot rule out that some medications may
influence vascular endothelial function.

We also examined whether between-limb differences in FMD were observed in the stroke-
affected arm when compared to the non-affected side. Our prior work has suggested that
between limb differences are present in the femoral artery diameter and blood flow in people
with chronic stroke(6, 7) and in in subacute stroke, brachial artery FMD was lower in the
stroke-affected limb when compared to the less affected side.(9) In 2004, lvey et al used
strain gauge plethysmography to examine vascular endothelial function in the lower limbs in
people with chronic stroke.(5) They reported findings similar to our previous work(6, 7)
regarding between limb differences. lvey and colleagues explored whether these alterations
were a function of reduced lean muscle mass using dual energy X-ray absorptiometry.(5)
The authors found only a small percentage of the variance was explained by lean muscle
tissue in both limbs, which suggests other systemic mediators such as hypertension(14),
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muscle fiber type(5, 27) or as we have demonstrated circulating VCAM-1 may influence
vascular health.

Flow-mediated Dilation and Pro-inflammatory Markers in Acute Stroke

The bioavailability of NO is important for a healthy vascular system and vessel compliance.
A reduction in the bioavailability of NO may negatively affect vascular endothelial function.
(12) The presence of pro-inflammatory markers in circulation has been purported to
interfere with vascular function and can have a negative effect on the bioavailability of NO.
(28-30) There is evidence to support that elevated levels of pro-inflammatory markers are
present within 24 hours after the stroke insult(15-17) and are strongly associated with poor
outcomes (i.e. larger lesion size, early neurological decline).(14, 17) Individuals with acute
stroke without a history of chronic hypertension prior to stroke onset and elevated levels of
pro-inflammatory markers post-stroke (TNF-alpha, IL-6 and VCAM-1) exhibited new-onset
hypertension.(14) This suggests that elevated levels of pro-inflammatory markers may
influence peripheral mechanisms such as cell adhesion regulated processes and lower NO
release in the vessel that contributes to decreased vascular endothelial function.(13) While it
is known that these pro-inflammatory markers are increased early after stroke,(15-17) our
findings suggest that TNF-alpha and IL-6 are not related to brachial artery vascular
endothelial function using FMD. We did not gather information regarding symptom onset.
Therefore, it is possible we may have missed the ideal timeframe to assess the relationship
between FMD and TNF-alpha and IL-6 especially if they peak at earlier stroke onset.
VCAM-1 has been found to be involved with impaired endothelial dependent dilation in
cardiovascular risk factors and disease(31, 32) and in cerebral artery vasoreactivity after
stroke.(33) Our work extends these previous findings and demonstrates that VCAM-1 is
related to peripheral vascular endothelial function early after stroke. Although future work is
needed, VCAM-1 may be a better marker of vascular health following stroke.

There are several strengths of this study. We used FMD procedures that followed published
methodological recommendations.(22) Further, the FMD procedure and blood draws were
completed on the same day, following an overnight fast, and within a narrow timeframe
(within 72 hours of stroke and between the hours of 7:30 — 9:00 am). While medications
were withheld overnight, one study suggested that all vasoactive drugs be withheld for 24
hours.(20) Therefore, we cannot rule out the effect of some medications on the FMD
response. To our knowledge, this study is the first to examine the relationship of pro-
inflammatory markers to peripheral vascular endothelial function in acute stroke. Future
work needs to examine the role of vascular adhesion molecules on long-term vascular health
and whether pharmacological targets or lifestyle interventions could be beneficial for
improving vascular endothelial function. Our prior work has shown that an 8-week aerobic
exercise intervention improved both systolic blood pressure and brachial artery FMD in
subacute stroke(9) but the long-term effects on cardiovascular health or future stroke remain
unknown. Our study is limited by the small sample size and the results should be interpreted
with caution. We also did not assess endothelial independent vasodilation, which could
provide additional information related to vascular health.

Int J Neurosci. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Billinger et al.

Page 8

Conclusion

People following an acute stroke demonstrate a lower FMD response than healthy adults
without cardiovascular disease and hypertension. People during the acute stage of recovery
also demonstrate between-limb differences suggesting that there may be vascular changes
occurring early after stroke. The brachial artery FMD response had a strong, negative
relationship with VCAM-1 but this relationship was not found with other pro-inflammatory
markers. Future work is needed to determine other potential mediators for changes in
vascular endothelial function and how this may affect long-term vascular health in people
after stroke.
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Table 1
Participant Demographics

Characteristics; n =28 StrokeGroup Control Group  P-value
Male/Female n 6/8
Age, years 61.4 (11.0) 63.2 (11.4) 0.66
Body Mass Index 30.1(5.7) 27.7 (4.7) 0.15
NIHSS 7.6 (7.6) N/A
Type of Stroke

Hemorrhagic 4 N/A

Ischemic 10 N/A
Stroke Affected Side

Left 6 N/A

Right 8 N/A
Race/Ethnicity

White/Caucasian 12 13

African American 2 0

Asian 0 1

Hispanic 0 0

Non-Hispanic 14 14
Diabetes

None 11 13

Type 1l 3 1
Medications

Blood Thinner 2 2

Anti-hypertensive 8 0

Cholesterol 6 9

Page 12

Data are expressed as mean (SD) unless stated otherwise stated. SD= standard deviation, NIHSS = National Institutes of Health Stroke Scale, N/A

= not applicable
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Table 2

Pro-inflammatory Markers for Stroke Participants

n=14 Pro-inflammatory marker

Concentration, ng *mL-1 (SD)

VCAM-1
TNF-A
IL-6

499.4 (219.6)
2.0(65)
48(6.3)

*n=12 Pro-inflammatory marker

Concentration, ng *mL-1 (SD)

VCAM-1
TNF-A
IL-6

489.5 (184.0)
2.3(7.0)
4.8 (6.7)

*
Pro-inflammatory markers for stroke participants included in the final FMD analysis
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