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1. INTRODUCTION

Examining the characteristics and responses of an individual’s
vascular system is important for improving the early detection,
prevention, and treatment of cardiovascular disease. For example,
applanation tonometry is a common means of assessing arterial
stiffness, with precise standards established for measurement [1].
Previous studies have examined potential differences in arterial
stiffness between arms [2-5], with conflicting findings. Further,
while the assessment of arterial stiffness can provide a snapshot of
vascular health at rest, information on dynamic vascular function
can be determined by assessing the change in Pulse Wave Velocity
(PWYV) in response to a condition of reactive hyperemia [6-16].

2. AIMS

The primary aim was to determine bilateral, simultaneous arterial
stiffness and endothelial function using applanation tonometry in
apparently healthy individuals.

3. METHODOLOGY
3.1. Study Design

Participants reported to the lab on two separate occasions (at
similar times of day, at least 48 h between visits). Following con-
sent, the first visit required all healthy participants to arrive fasted
(3 h), and free of alcohol/caffeine consumption and exercise (24 h).
Initial resting measures included standardized indices of anthro-
pometry and a metabolic panel. Female participants scheduled
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visits during the early follicular phase of their menstrual cycle to
minimize the effect of hormonal fluctuations on autonomic and
vascular measures.

All vascular measures were performed during visit two. Following
a 10-min, supine rest, bilateral BP measurements were determined
through manual auscultation. Standard pulse sites at the carotid,
femoral, and right/left radial arteries were precisely measured
using a portable infantometer. Pulse wave velocity was recorded at
rest between the carotid and femoral sensors (CF,,, ), and simul-
taneously at rest between the carotid and both radial sensors
(CR,y rigir, CRowy 1eer) Using standard applanation tonometry
(Complior Analyse, Alam Medical, Saint Quentin Fallavier, France).
Subsequently, a 5-min circulatory arrest was induced via cuff infla-
tion around the forearm to a supra-systolic pressure (~220 mmHg)
after which a second series of simultaneous, bilateral carotid-
radial PWV measurements were taken approximately 60-s post
cuff release. Flow-mediated slowing of carotid-radial PWV post
cuff release was used as a measure of peripheral vascular endothe-
lial function [8,11,15,16]. Thus, the resulting difference between
pre- and post-occlusion PWV was recorded as endothelial function
(ENDO).

Demographic variables were assessed and reported as means and
standard error of the mean. Paired t-tests were performed to deter-
mine demographic differences, and arm (right and left) differences
in PWV and ENDO. An a priori alpha level of 0.05 was determined
as an appropriate level of significance across all analyses.

4. RESULTS

Twenty-four individuals (10 male, 14 female) completed the
requirements of the study. The average participant was 25 + 6 years
of age and had healthy cholesterol and glucose values. The aver-
age participant was at the upper end of the healthy category for
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Body Mass Index (BMI) (24.0 + 3.2 kg/m?) and had waist circum-
ference values below cutoffs for concern. Except for lower Systolic
Blood Pressure (SBP) in females (54.4 + 7.3 vs. 67.5 + 12.8 bpm,
p <0.01), there were no significant differences in demographic vari-
ables based on sex (Table 1). Systolic blood pressure was not sig-
nificantly different in the right and left arms when simultaneously
measured (p > 0.05). Inter-arm blood pressure Difference (IAD),
that is clinically significant (IAD > 10 mmHg) was only observed
in one subject. Significant correlations existed unilaterally between
ENDO and subject demographics (Table 2).

Table 1 Subject demographics

Males (n=10) Females (n=14) Total (n=24)

Age (years) 27.1+25 234+14 249+13
WT (kg)” 82.6+3.3 67.7+3.2 739+2.7
HT (cm)” 181.0 + 3.1 170.6 + 2.3 1750+ 2.1
BMI (kg/m?) 253+1.0 23.2+0.8 24.1+0.7
LBM (kg)” 709 +£2.9 50.5+ 1.5 59.0+2.6
WC (cm)” 854 +25 75.6+2.0 79.7+ 1.8
TC (mg/dL) 1814+ 13.1 184.8 £9.2 183.4+7.3
LDL (mg/dL) 107.7 £ 10.4 98.4 +10.5 102.3+£7.3
HDL (mg/dL)’ 51.8+3.6 67.6 +4.6 61.0+3.4
LDL/HDL 22+03 1.6+0.2 1.8+£0.2

TG (mg/dL) 110.5 + 21.6 100.2 + 14.4 1045+ 11.8
GLU (mg/dL) 943+2.2 91.2+2.6 925+ 1.7
RHR (bpm) 60.2 +4.8 64.4+3.2 62.6 2.6
SBP (mmHg)" 126.3 £ 3.1 1176 +1.9 121.2+1.9
DBP (mmHg) 74.1+29 744 +2.1 743417
IAD (mmHg) 48+12 3.1+0.6 3.8+0.6
CE,,, (m/s) 5.8+ 1.2 6.0+0.8 59409
CR,y wicarr (M0/S) 83+0.4 83403 83+03
oy perr (TV/S) 72404 77403 7.5+0.2
(m/s) 1.1£03 0.6+0.3 08+03

PWV DIFF

p <0.05,"p <0.01. All data are presented as mean + SD. WT, weight; HT, height; BMI,
body mass index; LBM, lean body mass; WC, waist circumference; TC, total cholesterol;
LDL, low density lipoprotein; HDL, high density lipoprotein; TG, triglycerides; GLU,
blood glucose; RHR, resting heart rate; SBP, systolic blood pressure; DBP: diastolic blood

pressure.

Bilateral carotid-radial PWV and ENDO were measured simulta-
neously. All PWV tolerance values for the left and right arms were
295%. Due to the short half-life of nitric oxide during the collection
of ENDO, an a priori level of 290% was determined as an accept-
able level of tolerance for left and right arms. Our lab demonstrated
the following coefficients of variation in our applanation tonom-
etry measures: carotid-femoral—3.5%, carotid-radial—5.7%, and
FMD—9.6% and had PWV and ENDO values above the acceptable
limit for both the right and left arm [6,7]. Specifically, the average
tolerance for ENDO for the right and left arms were 95.1 + 2.0%
and 95.0 + 2.0%, respectively. PWV was 10% greater in the right arm
when compared to the left arm (Figure 1; CR,y pigr = 83 £ 0.3 vs.
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Figure 1 Carotid-radial PWV measured simultaneously in right and left
arms. Data are mean + SD. Significant difference from right arm “p < 0.05.

Table 2 Correlations between ENDO and demographics for males and females

Males (n = 10)

Females (n = 14)

ENDO, .. ENDO ENDO, .. ENDO,
r p-value r p-value r p-value r p-value
Age -0.17 0.62 0.45 0.19 -0.11 0.7 0.17 0.55
BMI 0.62 0.05" 0.26 0.45 —0.42 0.13 -0.06 0.82
wC 0.6 0.06 0.31 0.36 -0.48 0.08 -0.18 0.51
TC -0.28 0.42 -0.37 0.28 -0.42 0.12 —-0.43 0.12
HDL 0.39 0.25 -0.14 0.69 0.24 0.39 0.48 0.07
LDL -0.44 0.19 -0.27 0.43 —-0.48 0.07 -0.49 0.07
LDL/HDL -0.42 0.22 -0.18 0.61 -0.43 0.11 -0.5 0.06
TG -0.11 0.75 -0.33 0.35 0.01 0.98 -0.22 0.44
GLU 0.1 0.78 -0.09 0.79 -0.1 0.73 0.26 0.36
RHR 0.57 0.07 -0.29 0.41 0.58 0.02 0.18 0.53
DP 0.15 0.67 -0.06 0.86 0.58 0.02" 0.09 0.74
SBP 0.48 0.15 -0.12 0.73 0.23 0.41 -0.27 0.34
SBPc 0.73 0.01" —-0.44 0.19 0.3 0.29 -0.3 0.29
DBP 0.25 0.48 0.09 0.78 0.18 0.51 0.17 0.56
PP 0.76 0.01" 0.02 0.93 0.02 0.92 0.41 0.14

Significant correlation "p < 0.05; “p < 0.01. BMI, body mass index; WC, waist circumference; TC, total cholesterol; HDL, high density lipoprotein; LDL, low density lipoprotein; TG,

triglycerides; GLU, blood glucose; RHR, resting heart rate; DP, double product; SBP, systolic blood pressure; SBPc, central systolic blood pressure; DBP, diastolic blood pressure; PP, pulse

pressure.
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Figure 2 Carotid-radial ENDO measured simultaneously in right and left
arms. Data are mean + SD. Significant difference from right arm “p < 0.05.

CR,\y iy =75202m/s; CR, s = 0.8 £ 03, p < 0.05). Similarly,
ENDO was 8% greater in the right arm when compared to the left
arm (Figure 2; ENDO =78+ 02vs. ENDO . =72%02

RIGHT LEFT
ENDO, .. = 0.6 +0.1; p < 0.05).

5. CONCLUSION

Blood pressure measurement has specific standards [17], includ-
ing bilateral considerations, though there is a paucity of literature
related to the bilateral measurement of PWV or ENDO. Previous
studies have reported no differences in bilateral brachial waveforms
[3-5]. Martin et al. [2], however, observed inter-arm differences in
arterial stiffness in line with our study.

Bilateral endothelial function has not been previously quantified.
In the current investigation, ENDO was different between arms
and was not dependent on hemodynamic or demographic vari-
ables. Interestingly, the relationship between endothelial function
measured in each arm and pressure measures were contrasting.
Additionally, the observed relationships, while physiologically
reasonable given the higher arm PWYV and ENDO measures, were
varied between males and females. Further investigation designed
to specifically understand these potential mechanisms, and sex
differences, may be warranted. The possibility exists that these
observed differences are simply due to the anatomy of the arterial
tree as proposed with inter-arm blood pressure differences [18].
To the best of our knowledge, bilateral anatomical differences have
not been precisely quantified in young, apparently healthy indi-
viduals, and while this proposed mechanism has not been explic-
itly addressed in the literature, consideration could be given to
simulation modeling [19] to provide insight into an anatomical or

physiological rationale for arterial segment differences. Further,
studies evaluating the bilateral PWV and ENDO relationship
in aged and clinical populations with known pathology may be
valuable as age associated increases in vascular resistance and/or
asymmetrical vascular disease likely contribute differing PWV
characteristics.

The present study points to the importance of measuring anatom-
ical (i.e., PWYV) and physiological (i.e., ENDO) vascular measures
bilaterally, as differences may exist between arms. In line with
established recommendations related to the bilateral measurement
of blood pressure, it may be prudent to measure PWV/ENDO bilat-
erally and make important decisions regarding the detection, pre-
vention, and treatment of cardiovascular disease using the results
from the higher arm.

CONFLICTS OF INTEREST

The authors declare they have no conflicts of interest.

AUTHORS’ CONTRIBUTION

MEH and BT] were equally responsible for the literature search,
study design, data collection, data analysis, and manuscript writing
and revision. JDK contributed to data analysis, manuscript writing,
and manuscript revision.

REFERENCES

[1] Laurent S, Cockeroft J, Van Bortel L, Boutouyrie P, Giannattasio C,
Hayoz D, et al. Expert consensus document on arterial stiffness:
methodological issues and clinical applications. Eur Heart ]
2006;27:2588-605.

[2] Martin JS, Borges AR, Christy IV JB, Beck DT. Considerations
for SphygmoCor radial artery pulse wave analysis: side selection
and peripheral arterial blood pressure calibration. Hypertens Res
2015;38:675-83.

[3] Alavi H, Prisant LM, Jupin D, Oracion A. Comparison of arte-
rial elasticity measured in left and right arms using the HDI/
Pulsewave CR-2000 Research System. Blood Press Monit
2002;7:277-80.

[4] Frimodt-Moller M, Nielsen AH, Kamper AL, Strandgaard S.
Pulse-wave morphology and pulse-wave velocity in healthy
human volunteers: examination conditions. Scand J Clin Lab
Invest 2006;66:385-94.

[5] Gojanovic B, Waeber B, Gremion G, Liaudet L, Feihl F. Bilateral
symmetry of radial pulse in high-level tennis players: implications
for the validity of central aortic pulse wave analysis. ] Hypertens
2009;27:1617-23.

[6] Kamran H, Salciccioli L, Venkatesan B, Namana V, Kumar P,
Pushilin S, et al. Determinants of a blunted carotid-to-radial
pulse wave velocity decline in response to hyperemia. Angiology
2010;61:591-4.

[7] Kamran H, Salciccioli L, Ko EH, Qureshi G, Kazmi H, Kassotis J,
et al. Effect of reactive hyperemia on carotid-radial pulse wave
velocity in hypertensive participants and direct comparison


https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1093/eurheartj/ehl254
https://doi.org/10.1038/hr.2015.36
https://doi.org/10.1038/hr.2015.36
https://doi.org/10.1038/hr.2015.36
https://doi.org/10.1038/hr.2015.36
https://doi.org/10.1097/00126097-200210000-00005
https://doi.org/10.1097/00126097-200210000-00005
https://doi.org/10.1097/00126097-200210000-00005
https://doi.org/10.1097/00126097-200210000-00005
https://doi.org/10.1080/00365510600731332
https://doi.org/10.1080/00365510600731332
https://doi.org/10.1080/00365510600731332
https://doi.org/10.1080/00365510600731332
https://doi.org/10.1097/HJH.0b013e32832bffc0
https://doi.org/10.1097/HJH.0b013e32832bffc0
https://doi.org/10.1097/HJH.0b013e32832bffc0
https://doi.org/10.1097/HJH.0b013e32832bffc0
https://doi.org/10.1177/0003319710364214
https://doi.org/10.1177/0003319710364214
https://doi.org/10.1177/0003319710364214
https://doi.org/10.1177/0003319710364214
https://doi.org/10.1177/0003319709335028
https://doi.org/10.1177/0003319709335028
https://doi.org/10.1177/0003319709335028

50

(8]

(9]

(10]

(11]

(12]

(13]

M.E. Holmstrup et al. / Artery Research 27(1) 47-50

with flow-mediated dilation: a pilot study. Angiology 2010;
61:100-6.

Pereira T, Almeida A, Conde J. Flow-mediated slowing as a
methodological alternative to the conventional echo-tracking
flow-mediated dilation technique for the evaluation of endothe-
lial function: a preliminary report. Mayo Clin Proc Innov Qual
Outcomes 2018;2:199-203.

Liu Y, Beck A, Olaniyi O, Singh SB, Shehaj E Mann RI, et al.
Carotid-radial pulse wave velocity responses following hyperemia
in patients with congestive heart failure. ] Am Soc Hypertens
2014;8:687-92.

Stoner L, Stone K, Zieff G, Blackwell ], Diana J, Credeur DP, et al.
Endothelium function dependence of acute changes in pulse wave
velocity and flow-mediated slowing. Vasc Med 2020;25:419-26.
Corretti MC, Anderson TJ, Benjamin EJ, Celermajer D,
Charbonneau E, Creager MA, et al. Guidelines for the ultrasound
assessment of endothelial-dependent flow-mediated vasodila-
tion of the brachial artery: a report of the International Brachial
Artery Reactivity Task Force. ] Am Coll Cardiol 2002;39:257-65.
Thijssen DHJ, Black MA, Pyke KE, Padilla ], Atkinson G, Harris
RA, et al. Assessment of flow-mediated dilation in humans: a
methodological and physiological guideline. Am J Physiol Heart
Circ Physiol 2011;300:H2-H12.

Harris RA, Nishiyama SK, Wray DW, Richardson RS.
Ultrasound assessment of flow-mediated dilation. Hypertension
2010;55:1075-85.

(14]

(15]

(16]

(17]

(18]

(19]

Thijssen DHJ, Bruno RM, van Mil ACCM, Holder SM, Faita F,
Greyling A, et al. Expert consensus and evidence-based rec-
ommendations for the assessment of flow-mediated dilation in
humans. Eur Heart ] 2019;40:2534-47.

Ellins EA, New KJ, Datta DBN, Watkins S, Haralambos K, Rees A,
et al. Validation of a new method for non-invasive assessment of
vasomotor function. Eur ] Prev Cardiol 2016;23:577-83.
Cauwenberghs N, Heyrman Y, Thijs L, Yang WY, Wei FF,
Zhang ZY, et al. Flow-mediated slowing of brachial-radial
pulse wave velocity: methodological aspects and clinical deter-
minants. Artery Res 2018;21:29-37.

Pickering TG, Hall JE, Appel L], Falkner BE, Graves ], Hill
MN, et al. Recommendations for blood pressure measurement
in humans and experimental animals: Part 1: blood pressure
measurement in humans: a statement for professionals from
the Subcommittee of Professional and Public Education of the
American Heart Association Council on High Blood Pressure
Research. Hypertension 2005;45:142-61.

Clark CE, Taylor RS, Shore AC, Ukoumunne OC, Campbell JL.
Association of a difference in systolic blood pressure between
arms with vascular disease and mortality: a systematic review and
meta—analysis. Lancet 2012;379:905-14.

Broomé M, Maksuti E, Bjdllmark A, Frenckner B, Janerot-Sjoberg B.
Closed-loop real-time simulation model of hemodynamics and
oxygen transport in the cardiovascular system. Biomed Eng
Online 2013;12:69.


https://doi.org/10.1177/0003319709335028
https://doi.org/10.1177/0003319709335028
https://doi.org/10.1016/j.mayocpiqo.2018.02.002
https://doi.org/10.1016/j.mayocpiqo.2018.02.002
https://doi.org/10.1016/j.mayocpiqo.2018.02.002
https://doi.org/10.1016/j.mayocpiqo.2018.02.002
https://doi.org/10.1016/j.mayocpiqo.2018.02.002
https://doi.org/10.1016/j.jash.2014.07.025
https://doi.org/10.1016/j.jash.2014.07.025
https://doi.org/10.1016/j.jash.2014.07.025
https://doi.org/10.1016/j.jash.2014.07.025
https://doi.org/10.1177/1358863X20926588
https://doi.org/10.1177/1358863X20926588
https://doi.org/10.1177/1358863X20926588
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1016/s0735-1097(01)01746-6
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1152/ajpheart.00471.2010
https://doi.org/10.1161/HYPERTENSIONAHA.110.150821
https://doi.org/10.1161/HYPERTENSIONAHA.110.150821
https://doi.org/10.1161/HYPERTENSIONAHA.110.150821
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1093/eurheartj/ehz350
https://doi.org/10.1177/2047487315597210
https://doi.org/10.1177/2047487315597210
https://doi.org/10.1177/2047487315597210
https://doi.org/10.1016/j.artres.2017.12.001
https://doi.org/10.1016/j.artres.2017.12.001
https://doi.org/10.1016/j.artres.2017.12.001
https://doi.org/10.1016/j.artres.2017.12.001
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1161/01.HYP.0000150859.47929.8e
https://doi.org/10.1016/S0140-6736(11)61710-8
https://doi.org/10.1016/S0140-6736(11)61710-8
https://doi.org/10.1016/S0140-6736(11)61710-8
https://doi.org/10.1016/S0140-6736(11)61710-8
https://doi.org/10.1186/1475-925X-12-69
https://doi.org/10.1186/1475-925X-12-69
https://doi.org/10.1186/1475-925X-12-69
https://doi.org/10.1186/1475-925X-12-69



