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Abstract

Assessing regional vascular function is crucial for understanding systemic cardiovascular health. This study primarily investigated
whether flow-mediated dilation (FMD) and passive limb movement (PLM) yield congruent, interchangeable patterns across the
upper limbs (ULs) and lower limbs (LLs). Secondarily, we evaluated sex-specific influences on these regional vascular relation-
ships. Twenty healthy individuals (10 males and 10 females) underwent brachial and popliteal FMD, alongside axillary and femoral
PLM, in a counterbalanced single session. Baseline diameters, FMD%, allometrically scaled FMD, and blood flow (BF) PLM param-
eters [peakBF, ApeakBF, area under the curve (AUC)] were analyzed. Regarding our primary aim, FMD% was significantly higher
in UL than LL (7.7+£2.9% vs. 4.9+1.8%; P = 0.002) and was not correlated between limbs (r = 0.11, P = 0.650). However, when
analyzed using an allometric mixed model with baseline diameter as a covariate, this limb difference was no longer significant
(P = 0.334). PLM ApeakBF was lower in UL than LL (AUL — LL = —68.3%; P < 0.001) but showed significant interlimb correla-
tions (r = 0.50, P = 0.024). No limb x sex interaction was found for FMD% (P = 0.889) or allometric FMD% (P = 0.815).
However, a significant limb x sex interaction emerged for PLM AUC (P < 0.001), driven by a higher absolute AUC in the LL for
males (P < 0.001) and a higher volume-normalized AUC in the UL for females (P = 0.003). In conclusion, brachial and popliteal
FMD are not interchangeable, providing complementary, region-specific information heavily influenced by vessel size, and FMD%
is not affected by sex. PLMy_ and PLM_ provide partially convergent but not equivalent information, warranting caution when
comparing limbs, particularly when sex is a variable of interest.

NEW & NOTEWORTHY This study directly compares flow-mediated dilation and passive limb movement across upper and lower
limbs, providing novel insight into limb-specific vascular function. Flow-mediated dilation and passive limb movement are not
interchangeable between limbs, impacting future experimental and clinical evaluation. Vascular function differs between sexes
for passive limb movement, highlighting the need to consider sex-specific effects in study design.

endothelial function; limb specificity; sex differences; vascular function

INTRODUCTION

Cardiovascular disease (CVD) is the main cause of morbidity
and mortality worldwide, and multiple risk factors, such as
hypertension, diabetes, obesity, dyslipidemia, tobacco smok-
ing, and sedentary lifestyle, are known for their negative
effects on cardiovascular health (1). The vascular system is a
complex network of structures that respond acutely and
chronically to hemodynamic stimuli, influencing vascular
function and cardiovascular disease risk (2). The endothelium,
which is the internal part of the vascular wall, is recognized to
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have a fundamental role in the regulation of vascular function
(3). Endothelial function is strongly influenced by lifestyle fac-
tors, including physical activity, diet, and smoking habits (4,
5). The endothelium produces antiatherosclerotic substances,
like nitric oxide (NO), which have a protective role in the cardi-
ovascular system (3). Therefore, assessment of endothelial
function may facilitate the early identification of preclinical
CVD in individuals without overt disease, where promoting
lifestyle changes may prevent future cardiovascular events.
Based on this premise, two noninvasive tests assess vascular
function by quantifying vasodilatory capacity and hyperemic
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responses in the peripheral circulation to predict CVD risk
before clinical presentation (6). The first test, flow-mediated
dilation (FMD), is an endothelium-dependent test that is
widely used to assess vascular function (7-9). Typically per-
formed on the brachial artery, it is considered the gold stand-
ard for vascular function assessment in both clinical and
preclinical or research settings (10). The popliteal FMD, though
less commonly used than brachial FMD, is performed to assess
vascular function in the lower limb. Another noninvasive test
of vascular function is passive limb movement (PLM), which
assesses microvascular function, representing a different
aspect compared with FMD, and is commonly performed in
the lower limb (11-13). PLM-induced hyperemia is largely
(~80%) nitric oxide (NO) dependent (12, 14). In contrast, FMD
primarily reflects macrovascular (conduit artery) endothelial
function and appears to be influenced by factors beyond NO
bioavailability alone, notably the magnitude and temporal pro-
file of the shear stimulus produced by the reactive hyperemia
that follows cuff release (15). Both tests are widely used in
research settings to investigate vascular function (9, 12, 14);
however, their interchangeability between upper limb and
lower limb remains unclear. In addition, in some individuals,
the application of the tests may be unfeasible due to health-
related, anatomical (e.g., limb amputation, brachial artery
bifurcation, or surgically induced arteriovenous anastomoses
such as dialysis fistulae), or individual limitations. In such
cases, the availability of a valid alternative—namely, assessing
the upper limb instead of the lower limb, or vice versa—
becomes essential.

Another important factor to consider in vascular assess-
ments is the possible effect of sex. Studies have shown that
the risk of CVD is lower in females compared to males, at
least in the premenopausal years (16). Specifically, estrogens
in females provide a protective effect on the vascular system,
lowering CVD risk in premenopausal females (17). In line
with this, the literature suggests that males and females
exhibit different results in FMD, with females generally
showing better vascular function despite the potential influ-
ence of fluctuating hormone levels during the menstrual
cycle (18, 19). This female advantage is primarily attributed
to the protective effect of estrogens on the vascular endothe-
lium (20). However, sex-related differences in FMD also
appear to be region-specific: although consistently reported
in the brachial artery, evidence in the lower limb is more lim-
ited and partly conflicting, with some studies suggesting
that an age-related divergence between upper- and lower-
limb endothelial function emerges in males but not in
females (21). Evidence regarding sex differences in passive
limb movement (PLM) is more limited. In the lower limb,
comparable PLM responses have been reported between
premenopausal females and males independently of men-
strual cycle phase, whereas emerging evidence suggests
that sex differences may be more pronounced in the
upper-limb microvasculature (22). Notably, the associa-
tion between upper- and lower-limb vascular function,
previously described in young males, does not appear to
hold in young females (23), suggesting that sex-related dif-
ferences may emerge specifically when both regions are
concurrently evaluated.

A further aspect that warrants consideration is that vascu-
lar function is not uniform across the arterial tree, and FMD
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responses may differ between upper- and lower-limb con-
duit arteries. Although brachial artery FMD is widely consid-
ered the gold-standard noninvasive marker of systemic
endothelial function and a strong predictor of cardiovascular
events (7), it does not necessarily reflect endothelial function
in the lower limb. In healthy young adults, the magnitude of
FMD in upper-limb conduit arteries is not predictive of FMD
in lower-limb arteries, suggesting that the two regions may
be regulated by partially independent mechanisms, possi-
bly related to differences in local hemodynamics and arte-
rial structure (24). Consistently, vascular adaptations and
responses are region-specific across the arterial tree, with
different conduit arteries showing distinct patterns of
function and remodeling (25). Despite this evidence, direct
upper- versus lower-limb comparisons within the same indi-
viduals—particularly combining macrovascular (FMD) and
microvascular (PLM) assessments—remain scarce. Thus,
understanding the interplay of region specificity and sex in
these assessments of vascular function is critical to clarify
whether they provide complementary or redundant informa-
tion on endothelial health.

To enhance understanding of the limb specificity of FMD
and PLM as assessments of vascular function, the primary
aim of this study was to compare FMD and PLM responses
between the upper and lower limbs. A secondary aim was to
examine the influence of sex on FMD and PLM responses. As
an additional, exploratory analysis, we also compared the
two tests (FMD and PLM) within the same limb, since these
macro- and microvascular assessments are typically com-
pared across different limbs rather than within the same
region. We hypothesized that, despite known region-specific
differences in vascular regulation, outcomes obtained
from the same test would show a degree of concordance
between limbs within individuals. In addition, based on
the protective vascular effect of estrogens, we hypothe-
sized that females would exhibit superior vascular func-
tion compared with males, with potentially region-specific
differences between upper and lower limbs.

METHODS

Participants and General Procedures

To be included in this study protocol, participants must
have been healthy and between 18 and 35 yr. All participants
were screened and determined to be free of acute and
chronic disease. The healthy status and sex of the partici-
pants were assessed using a self-reported medical history.
The exclusion criteria were cardiovascular, pulmonary, met-
abolic or neural disease, current or recent smokers, use of
hormonal methods for birth control, or pregnancy. All
female participants were premenopausal and were tested
within 7 days after the start of their menstrual cycle (11, 26).
Participants were asked to avoid caffeine and physical activ-
ity during the day preceding the experimental visit and
refrain from eating at least 4 h before the visit. All partici-
pants gave written informed consent after a complete
explanation of the study’s experimental procedure. The
local institutional review board reviewed and approved
this protocol (IRB No. 00038036). All the procedures
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conformed to the most recent revisions to the Declaration
of Helsinki standards.

Experimental Design

When the participants arrived at the laboratory, height
was assessed with the stadiometer (Seca, Mt. Pleasant, SC)
and weight with the scale (RD-545, Tanita, Arlington
Heights, IL). Participants were then asked to rest quietly for
10 min. The order of the vascular function tests (FMD and
PLM) and limb (upper and lower extremities) was counter-
balanced to avoid possible biases based on test order (Fig. 1).
There were 15 min of rest between each test. All participants,
both male and female, were tested within the same time win-
dow (9:00 AM to 1:00 PM) to avoid potential effects of the
time of day on vascular function (27).

Mean Arterial Pressure and Body Mass Index

As part of the self-reported medical history, participants
provided systolic and diastolic blood pressure, body weight,
and height, from which mean arterial pressure (MAP) and
body mass index (BMI) were calculated. These values were
then compared with laboratory measurements to confirm
the self-reported medical history and verify that participants
were in good health.

Mean arterial pressure (MAP) was continuously recorded
throughout the testing session using a Finapres NOVA
(Finapres Medical Systems, Amsterdam, The Netherlands).
The data were exported in .txt format and subsequently ana-

lyzed offline.
BMI was calculated using the standard formula (28):
BMI — weight (1<g2)
height(m)

Flow-Mediated Dilation

The FMD on the brachial artery in the arm (FMDyy;) was
performed using a duplex ultrasound system (LogiQ-7, GE
Medical Systems, Milwaukee, WI). Testing was performed in
a quiet room, on the right arm, with the participant in a
supine position, following the published guidelines (26).
A linear probe with a 4-12 MHz frequency range was used to
imagine the artery and record blood velocities. A blood pres-
sure cuff was placed distal to the probe on the forearm, near
the elbow. Once the participant had been instrumented and

was in a resting state for at least 15 min, 30 s of baseline were
recorded. Then, S min of occlusion was performed at a supra-
systolic cuff pressure (220 mmHg). The 2 min after the cuff
release was recorded, following the guidelines (26, 29). The
diameter and blood velocity were measured at baseline and
continuously for 2 min after the cuff release. The same proto-
col was done for the FMD on the popliteal artery in the leg
(FMDy1). The cuff was placed distal to the probe, the same
one used for the FMD on the brachial artery and was put
behind the knee on the popliteal artery.

Brachial artery images and blood flow velocity were
recorded for 2 min after cuff release. During baseline and
cuff release, images were sent in real time to off-line soft-
ware and later analyzed using automated edge detection
analysis. To minimize investigator bias and eliminate
interobserver variability, all subsequent analyses were
performed by a single, experienced investigator using an
objective approach (Brachial Analyzer, Medical Imaging
Applications, Coralville, IA). Diameters were then aver-
aged every 4 s for the first 20 s after the cuff release and
every 10 s for the remaining 2 min. The diameters were
measured as the distance (mm) between the deep and
superficial intimamedial borders of the vessel’s walls. The
dilation is expressed as a percent change of the peak diam-
eter in relation to the baseline. It was calculated with the
following formula (26):

FMD(%) = (peak diameter — baseline diameter)
/baseline diameter x 100

To reduce the influence of vessel caliber on the vasodila-
tory response, an allometric scaling approach was applied to
the peak diameter data, based on the model (30)

_ b
Dpeak = @ X Dyyqe

where Dpeqx is the peak arterial diameter, Dy,ge iS the baseline
diameter, a is a constant, and b is the allometric scaling
exponent describing the relationship between baseline and
peak diameter (30). Details of the statistical implementation
are provided in Statistical Analysis.

The time to peak (TTP) was measured as the time the ves-
sel needed to reach peak vasodilation and is expressed in
seconds.

The shear rate identified as the integral of the shear rate
over time and it is usually identified as the area under

START END
SESSION SESSION

RECRUITMENT FMD FMD PLM PLM

15' REST 15' REST 15' REST

o——0 o o o0

Informed Anthropometrics \ J

consent
order
counterbalanced

Figure 1. Experimental design.
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the curve (AUC). It was calculated using the trapezoidal
rule (26):

> {yi(xﬁ +1) —x(@) + @/2)(G + 1) —y(H) (G + 1) —x(i>)]

where x is time, y is shear, x; is the initial point, and y; is the
initial blood velocity.

Passive Limb Movement

The PLM was performed on the lower limb following the
published guidelines (11). The PLM was done on the femoral
artery (PLMy ) with the participant in the semiupright posi-
tion, with support for the legs. We used the same ultrasound
system that was used for the previously described FMD. We
performed the PLM using a range of motion from an
extended position (180°) to a 90° flexed position. After
15 min of rest, with the participant in a resting condition, 30
s of baseline were recorded, measuring the diameter of the
vessel and the intensity-weighted mean blood velocity. After
this we started with the passive movement at a frequency of
1 Hz while recording and measuring the mean blood velocity
until the end of the minute.

The passive limb movement was also performed on the
upper limb (PLMy;) with the same protocol used for the
lower limb. The participant was lying in a supine position
with the arm abducted and placed on a lateral table. The
range of motion utilized for the PLMy; was from fully
extended to 90° flexed position. The probe was placed over
the axillary artery (AA) to reduce the probe movement
caused by the passive movement of the muscle mass. The
axillary artery was specifically selected for the upper-limb
passive limb movement (PLM) protocol to establish a meth-
odologically sound, structurally matched comparison with
the lower-limb protocol (femoral artery). Unlike the distal
brachial artery, the axillary artery offers a larger baseline ves-
sel caliber that more closely approximates the dimensions of
the lower-limb conduit vessels, thereby minimizing geome-
try-dependent confounding factors. Furthermore, meas-
uring blood flow at the axillary level mirrors the lower-limb
setup by positioning the ultrasound sample volume immedi-
ately proximal to the primary axis of rotation (the shoulder
joint) (31, 32). This ensures that the primary hyperemic
response feeding the active muscle beds of the entire moving
limb is accurately captured, in accordance with established
regional hemodynamic assessment models (12, 33).

The mean blood velocity (Vmean) was analyzed on a
Doppler ultrasound system (GE LogiQ-7 ultrasound system,
GE Medical Systems, Milwaukee, WI) for 30 s at rest and sec-
ond by second for the next 60 s of passive movement.
Resting arterial diameter and resting mean blood velocity
were determined to calculate the blood flow at baseline. The
arterial diameter was measured as distance (mm) between
the intimalumen interfaces of the vessel’s walls; 3 measures
were taken during baseline and every 2 s during the 60 s of
PLM. The blood flow was calculated with the following for-
mula (11):

Blood flow(mL/min) = Vmean x n x (vessel diameter/2)* x 60.
The peak blood flow was the maximum value of BF

reached during the 60 s of PLM. The relative change in blood
flow (A peak) was calculated by subtracting basal blood flow

from the peak blood flow. The area under the curve (AUC)
was calculated for 60 s using the trapezoidal rule, according
to the following equation (26):

S [yl + 0 =) + 1206 + 1 = yD) (<0 + 1) - ()]

Anthropometrics

Anthropometric measurements were taken on subjects to
estimate the limb volume of the leg and arm. Three meas-
ures were taken: the limb length (joint to joint), three circum-
ferences for each segment (proximal, middle, and distal),
and skinfold thickness at the middle distance (34). Limb vol-
umes (LVs) were estimated with the following formulas pre-
viously used in published works (35):

Limb Volume = (L/121y) x (C1? + €22 + €3?)
—[(§-0.4)/2] x L x CL + C2 + €3)]/3]

where L refers to the length; C1, C2, and C3 refer to the proxi-
mal, middle, and distal circumferences, respectively, and
were measured at the most proximal part of the limb, at half
of its length, and at the most distal part. S represents the
skinfold thickness of the limb. Measurements were taken for
the thigh, lower leg, upper arm, and forearm.

Statistical Analysis

An a priori power analysis was performed using G*Power
(Dtuisseldorf, Germany). For the primary objective of assess-
ing inter-limb differences, a conservative within-subject
framework assuming a large effect size (Cohen’s d = 0.8),
alpha = 0.05, and a power of 0.80 indicated a required sam-
ple size of 12 participants. For the secondary objective inves-
tigating sex-specific interactions, assuming an effect size f =
0.4 for the interaction factor, a minimum of 16 participants
was required to achieve a power of 0.80. Although these
standard frameworks served as conservative estimates for
sample size determination, the final analysis was executed
using linear mixed models, which further enhance statistical
power and precision by accounting for within-subject corre-
lations and interindividual variance.

The statistical analyses were completed using IBM SPSS
Statistics (version 32.0, IBM Corp., Armonk, NY). The
Shapiro-Wilk test was used to evaluate whether the data
were normally distributed. Data points differing by two
standard deviations or more from the mean were identified
as outliers and adjusted using the Winsorized Mean method;
no data points were removed from the analyses. To assess
the effects of sex, limb, and their interaction on the vascular
and blood flow outcomes, a linear mixed model was used,
with sex as a between-subjects factor, limb (UL vs. LL) as a
within-subjects factor, and their interaction; sex and limb
were included as fixed factors, and subject was entered as a
random effect. Significant interactions were further exam-
ined using Bonferroni-corrected post hoc comparisons. In
the absence of a significant limb x sex interaction, sex com-
parisons were additionally performed as exploratory analy-
ses. To account for the influence of baseline diameter on the
flow-mediated response, an allometric analysis was per-
formed using a linear mixed model, following the approach
proposed by Atkinson and Batterham (30). The difference
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Table 1. Participant characteristics

mean age was 24 + 3 yr for males and 23 * 2 yr for females.
Mean height and body mass were 1.80 = 0.05 m and 75.6 *

Parameter Male(n =10) Female(n=10) PValue ¢ g kg for males, and 1.65 * 0.06 m and 62.0 = 6.1 kg for
Age, yr 24.40+3.10 22.80+2.10 0.195  females, respectively (Table 1). All participants were healthy.
Height, m 180+0.04  165+0.07 <0.001 . .
Weight, kg 75.56+6.40 62.10+6.09 <0.001 Limb Differences in FMD: FMDy_ versus FMD,
BMI, kg/m? 23394191  22.75+1.67 0.434

Heart rate, beats/min 77.20£8.40 6850+7.93 <0.001
Mean arterial pressure, mmHg 87.24+6.41 82.06+6.23 0.015

Bold values indicate statistically significant differences (P < 0.05).

between log-transformed peak diameter and log-trans-
formed baseline diameter was entered as the dependent vari-
able, log-transformed baseline diameter as a covariate, sex
and limb as fixed factors, and subject as a random effect. The
estimated marginal means generated by the model were
back-transformed into a percentage-equivalent value by cal-
culating the antilogarithm, subtracting 1, and multiplying by
100. To examine correlations between the tests, Pearson’s
correlation was used for normally distributed variables,
whereas Spearman’s rank correlation was used for variables
that violated the assumption of normality (baseline diame-
ter, peak diameter, shear rate, AUC, peak BF normalized for
limb volume, and Apeak BF normalized for limb volume). All
data are expressed as means * standard deviation unless
noted otherwise. Alpha was set at 0.05.

RESULTS

Participant Characteristics

Twenty healthy Caucasian individuals were recruited for
the study, including men (n = 10) and women (n = 10). The

A linear mixed model was performed on baseline diameters
and peak diameters data (Table 2). Regarding baseline diame-
ters, an effect was found for sex (P < 0.001; F = 18.4) and for
limb (P < 0.001; F = 41.0), but no interaction limb x sex (P =
0.925; F = .01). The peak diameter showed an effect for sex
(P < 0.001; F =19.2) and for limb (P < 0.001; F = 41.5), but no
interaction sex x limb was found (P = 0.981; F = .001). The
linear mixed model performed on TTP showed an effect for
sex (P = 0.037; F = 5.05), but no effect for limb (P = 0.669; F =
.19) or interaction limb x sex (P = 0.179; F = 1.96). The linear
mixed model performed on FMD/shear rate showed an effect
for limb (P = 0.002; F = 13.35), but no effect for sex (P = 0.266;
F =1.32) or the interaction limb x sex (P = 0.515; F = 0.44).

The linear mixed model, performed on FMD% results,
shows a significant effect for limb (P = 0.002; F = 11.7; Fig. 2),
but not for sex (P = 0.766; F = 0.09; Fig. 2) or interaction
limb v sex (P = 0.889; F = .1). No correlation between
FMDy1.% and FMD;;% was found (P = 0.650). When peak
diameter was analyzed using the allometric mixed model,
with baseline diameter included as a covariate, no signifi-
cant effect of sex (P = 0.060; F = 3.9), limb (P = 0.334; F =
.97), or limb x sex interaction (P = 0.815; F = .06) was found.
The linear mixed model analysis performed on shear rate
showed no effects for sex (P = 0.073; F = 3.6), an effect was
found for limb (P < 0.001; F = 22.8), but no interaction was
found for limb x sex (P = 0.175; F = 2.0).

Table 2. FMD and PLM outcomes in the upper and lower limb

P Value
Parameter Limb Male Female Between
Basal diameter, cm UL 0.44+0.04 0.34+0.06 <0.001
LL 0.58+0.06 0.47+011 0.019
Peak diameter, cm UL 0.47+0.04 0.36+0.06 <0.001
LL 0.61£0.05 0.49+0.11 0.012
FMD, % UL 7.59+2.51 7.46+3.14 0.921
LL 5.56+1.84 4.81+2.04 0.398
FMD adjusted UL 7.56 (6.11-9.03) 5.91(4.12-7.73) 0.940
LL 6.88 (5.11-8.66) 4,93 (3.50-6.38) 0.514
TTP, s UL 48.75+9.91 39.00+14.49 0.538
LL 52.50+10.35 37.00+18.29 0171
Shear rate AUC UL 28551.38+9763.52 45221.50+28122.1 0.107
LL 11657.62 +5714.79 14432.40+11228.02 0.508
FMD/shear rate UL 0.00037+0.00040 0.00018+0.00007 0.238
LL 0.00057+0.00030 0.00049+0.00032 0.607
Peak blood flow, mL/min UL 234.40+83.87 189.90+68.45 0.211
LL 760.20+£118.70 610.20+192.27 0.053
A Peak blood flow, mL/min UL 105.60+42.52 70.00£55.36 0.125
LL 528.80+121.60 417.60+93.84 0.035
AUC blood flow UL 50.90 +48.96 100.20+39.90 0.347
LL 249.50+162.85 80.90+249.71 <0.001
Peak blood flow/LV, mL/min/L UL 125.32+52.23 156.93+70.99 0.273
LL 115.40 £39.04 140.56 +58.10 0.273
A Peak blood flow/LV, mL/min/L UL 67.78 £41.60 68.36 +51.99 0.978
LL 80.82+33.52 96.74+37.92 0.333
AUC blood flow/LV UL 33.38+37.51 66.11+50.36 0.003
LL 40.71+22.13 6.34+38.89 0.038

Bold values indicate statistically significant differences (P < 0.05). AUC, area under the curve; FMD, flow-mediated dilation; LV, limb

volume; TTP, time-to-peak.
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Sex: p =0.766
Limb x Sex: p =0.889
p=0.002 *

E3ET:
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Figure 2. Comparison of flow-mediated dilation (FMD, %) between the
brachial (upper limb) and popliteal (lower limb) arteries in male (M, O) and
female (F, @) participants. Individual data points are presented alongside
the median and interquartile range. P values from the linear mixed model
are reported for the main effects of limb and sex, and for the limb x sex
interaction. *P < 0.05.

FMD (%)
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Limb Specificity in Passive Movement-Induced
Hyperemia: PLM, versus PLMy,

The BF responses over time for both the UL and LL are
presented in Fig. 3, A and B, whereas BF responses normal-
ized for limb volumes are presented in Fig. 3, C and D. The
peak BF was analyzed with a linear mixed model (Table 2).
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An effect was found for limb (P < 0.0001; F = 145.8) and for
sex (P = 0.02; F = 6.4), but no interaction limb x sex was
found (P = 0.173). When normalized for limb volume, no sig-
nificant effects were observed for sex (P = 0.167; F = 2.1),
limb (P = 0.412; F = 0.7), or interaction limb x sex (P =
0.839; F = 0.04). The Apeak BF showed an effect for limb
(P < 0.001; F =208.7) and for sex (P = 0.001; F = 7.6), but no
interaction limb x sex (P = 0.165). When normalized for limb
volume, an effect was found for limb (P = 0.022; F = 6.2), but
no effect for sex (P = 0.518; F = 0.4) or the interaction limb x
sex (P = 0.540; F = 0.4). The AUC showed an interaction for
limb and sex (P < 0.001; F = 19.7), an effect was found for
limb (P = 0.033; F = 5.4) and for sex (P = 0.024; F = 6.1). Post
hoc analysis (Bonferroni) showed a difference between UL
and LL in males (P < 0.001; F = 18.8), but no difference in
females (P = 0.181; F = 1.9); when comparing sexes within
each limb, a difference was found in the LL (P < 0.001; F =
22.5), but not in the UL (P = 0.347; F = .9). The AUC normal-
ized for LV showed an effect for limb (P = 0.005; F = 8.8),
no effect for sex (P = 0.4; F = 0.6) and a significant interac-
tion limb-x sex (P < 0.001; F = 14.4). Post hoc analysis
(Bonferroni) showed a difference between UL and LL in
females (P < 0.001; F = 22.9), but no difference in males (P =
0.564; F = .3); when comparing sexes within each limb, a dif-
ference was found in both the UL (P = 0.003; F = 10.4) and
the LL (P = 0.038; F = 4.6).

A significant correlation was found between limbs for the
peak BF (r = 0.45; P = 0.046; Fig. 4A) and Apeak BF (r =
0.50; P = 0.024; Fig. 4B). No correlation between upper and
lower limb AUC (r = 0.081; P = 0.734; Fig. 4C). The results
were normalized for LV and showed no correlations between
limbs for peak BF (r = 0.28; P = 0.226), Apeak BF (r = 0.02;
P =0.934), or AUC (r = —0.25; P = 0.293).
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L Figure 3. Dynamic second-by-second
l
A

movement (PLM) in male (M, O) and female
(F, @) participants. Panels show absolute
femoral blood flow during lower limb
movement (PLM_) (A) and absolute axillary
artery blood flow during upper limb move-
ment (PLMy) (B). C and D represent,
respectively, A and B data normalized for
limb volume. BL indicates the 30-s baseline
recording before movement onset; the
dashed vertical line indicates the onset of
passive movement (time 0). Each panel
shows the group-mean response at each
time point. Because individual peak
responses occur at different time points,
the maximum of these averaged traces is
lower than the mean peak blood flow
reported in Table 2, where each partici-
pant’s individual peak—taken at that partic-
ipant’s own peak time point—is averaged
across the group. Note that the responses
represent the averaged time course of all
participants; therefore, the maximal peak
values are underestimated compared with
the individual peak responses.
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Figure 4. Correlation analyses between upper limb (PLMy,) and lower limb (PLM,,) hyperemic responsiveness. Panels illustrate the relationships for
peak blood flow (4), Apeak blood flow (B), and total hyperemic area under the curve (AUC) (C) across male (M, O) and female (F, @) subjects. The solid
line represents the regression line, and the dashed lines indicate the 95% confidence intervals. Correlation coefficients (r) and relative P values are

reported for each parameter. PLM, passive limb movement.

Wi ithin-Limb Associations: Correlation Structure of
Vascular and Blood Flow Variables

To investigate possible correlations between variables
within the same limb, correlation matrices were generated
separately for each sex and limb (Fig. 5, A-D). As antici-
pated, absolute flow variables (peak BF, Apeak BF, and
AUC) were strongly correlated with their respective vol-
ume-normalized indices (peak BF/LV, Apeak BF/LV, AUC/
LV) in most groups, and baseline and peak diameter were
almost perfectly correlated in all four conditions (r =
0.96-1.00, all P < 0.001); the complete set of coefficients is
shown in Fig. 5.

In the upper limb of males (Fig. 5A), Apeak BF was
strongly and inversely correlated with shear rate (r = —0.81,
P = 0.004), and shear rate was also inversely related to
Apeak BF/LV (r = —0.70, P = 0.025). In the lower limb of
males (Fig. 5B), limb volume was inversely correlated
with both PBF/vol (r = —0.89, P = 0.001) and Apeak BF/LV
(r = —0.92, P < 0.001), as well as with Apeak BF (r = —0.70,
P = 0.023), whereas PBF was inversely related to FMD
(r=—-0.65, P=0.041).

In the upper limb of females (Fig. 5C), AUC was inversely
correlated with both baseline and peak diameter (r = —0.71,
P = 0.022 and » = —0.78, P = 0.008), and both diameters
were inversely correlated with AUC/vol (r = —0.91 and
—0.94, both P < 0.001); FMD was positively correlated with
shear rate (r = 0.79, P = 0.006). In the lower limb of females
(Fig. 5D), baseline and peak diameter were inversely corre-
lated with shear rate (r = —0.75, P=0.012 and r = —0.74, P =
0.015), and limb volume was inversely related to peak BF/LV
(r = —0.69, P = 0.028) and Apeak BF/LV (r = —0.78, P =
0.008).

Upper limb: FMD, versus PLMy,.

No correlation was found between FMDy; % and PLMUL-
induced peak BF (r = —0.123; P = 0.607). Also, PLMy;-
induced Apeak and AUC were not correlated with FMDy; %
(Apeak: r = 0.203, P= 0.391; AUC: r = —0.183, P = 0.440).

Lower limb: FMD,, versus PLM,,.

Contrary to the upper limb, in the lower limb, the FMD;; %
results correlated with PLM; ; -induced peak BF (r = —0.493;
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P = 0.027), but no correlations were found for A peak (r =
—0.413; P = 0.070) or AUC (r = —0.093; P = 0.697).

DISCUSSION

This study investigated two noninvasive tests of vascular
function—FMD and PLM—with the primary aim of determin-
ing whether each test yields comparable results when applied
to the upper and lower limbs in young, healthy males and
females. The results did not completely support our initial
hypotheses. FMD was not interchangeable between limbs:
FMD% differed significantly between the upper and lower
limbs, and no correlation was found between upper- and
lower-limb FMD%. PLM showed only partial interlimb agree-
ment: peak blood flow and Apeak blood flow were signifi-
cantly correlated between the upper and lower limbs,
whereas AUC was not, and none of the volume-normalized
indices showed an interlimb correlation. The limb-dependent
differences in FMD likely reflect inherent structural differen-
ces between the brachial and popliteal arteries, which under-
lie their distinct responses to a similar shear stimulus.
Notably, we observed pronounced sex-specific differences in
the vascular response to PLM: for AUC, males exhibited
higher blood flow in the lower limb, whereas females showed
higher blood flow in the upper limb, reflecting two distinct
physiological responses that may stem from a combination of
limb volume differences and additional, limb-specific mecha-
nisms not directly assessed in the present study. Contrary to
our second hypothesis, FMD% did not differ between sexes in
either limb once vessel size and shear stimulus were
accounted for, although sex influenced the PLM response in a
limb-dependent manner. Collectively, these findings indicate
that interchangeability between limbs is not supported for
FMD and is only partially supported for PLM, being limited to
peak and Apeak blood flow.

Limb Specificity in Vascular Function Assessed with
FMD

FMD is a noninvasive ultrasound-based assessment of
conduit-artery endothelial function (29). Brachial-artery
FMD, in particular, is considered the gold-standard marker
of systemic endothelial function and has been established as
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Figure 5. Correlation matrices showing the relationships among anthropometric, structural, and vascular functional variables, stratified by sex and limb:
males—arm (A), males—leg (B), females—arm (C), females—leg (D). Variables shown on both axes are PBF, peak blood flow during passive limb move-
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an independent predictor of future cardiovascular events in
multiple large prospective cohorts and meta-analyses (7, 36—
38), and brachial FMD also tracks coronary-artery vasodila-
tory function (9). The prognostic value of FMD measured in

lower-limb conduit arteries, such as the popliteal or femoral study.

artery, for systemic cardiovascular events has not been
established to the same extent. However, lower-limb FMD
has been proposed as a region-specific biomarker of local
vascular health and of the risk of peripheral artery disease
(39, 40), an interpretation that is biologically plausible given
that the leg vasculature is markedly more susceptible to ath-
erosclerosis than the brachial artery (41). Brachial and
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popliteal FMD may therefore carry complementary, region-
specific information on vascular health rather than equiva-
lent information on systemic cardiovascular risk, which
directly motivated the comparison performed in the present

The current study assessed FMD% in the brachial and
popliteal arteries and found a significant limb effect (P =
0.002), with FMDy; % higher than FMD;; %. This finding is
consistent with previous reports of limb-specific endothelial
function (8, 42). The FMDy.% values recorded here are
within the range reported for young, healthy populations
(19), supporting the validity of our assessment; with respect
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to absolute FMD, our results are also aligned with those
reported by Thijssen et al. (24).

The observed difference in vasodilatory response between
the upper and lower limbs may stem from two related, but
distinct, factors. First, baseline artery diameter was signifi-
cantly larger in the lower than in the upper limb (P < 0.001)
and, as described by Poiseuille’s law (43), a larger baseline
diameter generates a lower shear stimulus for a given flow.
Consistent with this, the shear rate measured during reactive
hyperemia was significantly higher in the upper limb (P <
0.001), which paralleled the higher FMDy; %, whereas the
FMD/shear rate was significantly greater in the lower limb
(P = 0.002). This pattern is in close agreement with the
framework described by Nishiyama et al. (8, 42) and with
the lower-limb vascular data reported by Wang et al. (44):
the higher relative dilation of the upper-limb conduit is
largely attributable to the greater shear stimulus to which it
is exposed, and once the dilatory response is expressed rela-
tive to its stimulus, the lower-limb conduit is not less respon-
sive than the upper-limb conduit. Second, beyond its effect
on the shear stimulus, baseline diameter also has a direct
mathematical influence on FMD%, since FMD is computed
as a relative change from baseline and is known to be inver-
sely related to baseline vessel size (30). The limb difference
in FMD% therefore reflects both a shear-stimulus difference
and a baseline-diameter effect on the FMD% index itself.
Supporting this interpretation, when peak diameter was ana-
lyzed with an allometric mixed model that included baseline
diameter as a covariate, the limb effect was no longer signifi-
cant (P = 0.334), indicating that the apparent limb difference
in FMD% is largely explained by underlying differences in
vessel size and shear, rather than by an intrinsically reduced
dilator capacity of the lower-limb conduit.

Future assessments using endothelium-independent
vasodilation, such as nitroglycerin administration, could
help determine whether structural constraints contribute
to these limb-specific differences. Finally, no correlation
was observed between FMDy; % and FMD; 1% (P = 0.650),
indicating that conduit-artery function in the upper limb
is not predictive of conduit-artery function in the lower
limb. This finding aligns with the region-specific interpre-
tation outlined earlier: brachial and popliteal FMD probe
vascular beds with different structural and functional
properties and different patterns of disease susceptibility,
and they should be regarded as complementary rather
than interchangeable assessments. Researchers should
therefore not assume that one substitutes for the other
when designing studies.

Limb Specificity in Vascular Function Assessed with
Passive Limb Movement

The hyperemic response to PLM is predominantly nitric
oxide-dependent (12, 14) and primarily reflects resistance-
vessel (microvascular) function (11, 13), making it a noninva-
sive index of microvascular health that is complementary to,
rather than equivalent to, the conduit-artery assessment pro-
vided by FMD.

In the present study, the lower limb exhibited significantly
higher peak BF, Apeak BF, and AUC than the upper limb
(limb effect: peak BF P < 0.001; Apeak BF P < 0.001), as
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expected given the larger muscle mass and vascular bed of
the leg. Significant interlimb correlations were observed for
peak BF (r = 0.45, P = 0.046) and Apeak BF (r = 0.50, P =
0.024), whereas no correlation was found for AUC (r = 0.08,
P = 0.734). When the responses were normalized for limb
volume, none of the interlimb correlations remained signifi-
cant (peak BF/LV: r = 0.28, P = 0.226; Apeak BF/LV: r = 0.02,
P = 0.934; AUC/LV: r = —0.25, P = 0.293). These findings
indicate that the interlimb agreement of PLM is only partial:
it is limited to the magnitude of the peak hyperemic
response and is largely lost once the response is corrected for
the size of the vascular bed. PLMy;, may therefore provide
complementary, but not equivalent, information to PLM;,
and the two assessments should not be assumed to be substi-
tutable across limbs.

To our knowledge, only one previous study has directly
compared the PLM response between upper and lower limbs
(32). Burns et al. (32) reported a similar blood flow response
to PLM in the two limbs, which is partly consistent with our
interlimb correlations for peak BF and Apeak BF; however,
that study reported only PLM-induced changes in blood flow
and did not provide peak BF, Apeak BF, or AUC data, which
precludes a direct quantitative comparison with the present
results.

An additional aspect that warrants consideration is the
sex-specific pattern of the PLM response. Although the abso-
lute sex differences in peak BF and Apeak BF observed in the
lower limb were abolished once responses were normalized
for limb volume, AUC displayed a significant limb x sex
interaction (P < 0.001) that was clarified by the volume-nor-
malized analysis, with females showing higher AUC/LV than
males in the upper limb (P = 0.003) and the opposite pattern
in the lower limb (P = 0.038). The physiological mechanisms
potentially underlying these sex-specific patterns are dis-
cussed in detail in The effect of sex on vascular function.

Overall, PLMy;, and PLM; 1 provide partially convergent
but not equivalent information on vascular function.
Caution is therefore warranted when comparing PLM
responses between limbs, particularly when sex is a vari-
able of interest. Future research is needed to clarify the
mechanisms underlying movement-induced hyperemia in
the upper limb, which remains substantially less charac-
terized than its lower-limb counterpart.

Assessing vascular function in the upper limb and lower
limb: FMD, PLM, or both?

The potential agreement between FMD and PLM has been
investigated in recent years (13, 23, 33), but this area of
research remains limited. Importantly, the two tests are not
redundant: FMD assesses conduit-artery (macrovascular)
endothelial function and is influenced by the shear stimulus
generated by the reactive hyperemia that follows cuff
release, whereas PLM assesses resistance-vessel (microvas-
cular) function and is predominantly nitric oxide-depend-
ent. Within each limb, the two tests also interrogate different
vessels (e.g., the brachial or popliteal conduit artery for FMD
vs. the downstream resistance vasculature for PLM), adding
a vessel-level dimension to the limb-level comparison.
Because macro- and microvascular measures of vascular
health are frequently uncorrelated, FMD and PLM should be
regarded as complementary, rather than substitutable,
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assessments. Prior studies (13, 33) have compared FMD and
PLM across different limbs (e.g., brachial FMD vs. lower-limb
PLM); in the present study, we conducted an exploratory sec-
ondary analysis in which the two tests were compared within
the same limb, to characterize—rather than to test the sub-
stitutability of—the relationship between conduit-artery and
resistance-vessel function in the same vascular region.

In the upper limb, no significant correlation was observed
between FMDy; % and any PLMy;, outcome (peak BF: 7 =
—0.123, P = 0.607; Apeak BF: r = 0.203, P = 0.391; AUC: r =
—0.183, P = 0.440). This indicates that, in the upper limb,
conduit-artery vasodilator function and resistance-vessel
hyperemic response capture largely independent aspects of
vascular function.

In the lower limb, a significant negative correlation was
found between FMDy ;% and PLM;; peak BF (r = —0.49, P =
0.027), whereas no significant correlation was observed for
Apeak BF (r = —0.413, P = 0.070) or AUC (r = —0.093, P =
0.697). The negative direction of the FMD;; %— PLM; peak
BF correlation warrants careful interpretation. It indicates
that individuals classified as having a “better” conduit-artery
response by FMD tended to show a “lower” peak microvascu-
lar response by PLM, which is the opposite of the pattern
that would be expected if the two tests provided equivalent
information on vascular health. Rather than reflecting
“intertest variability in response magnitude,” this finding is
most parsimoniously explained by the fact that FMD and
PLM probe different vessels and different functional com-
partments of the vascular tree, and are therefore expected to
be driven by distinct underlying mechanisms.

These results are not directly comparable with the positive
across-limb correlation between FMD and PLM reported by
Rossman et al. (33), since our analysis was conducted within
the same limb rather than across limbs, and the two designs
may capture different aspects of the macro-micro relation-
ship. In particular, an across-limb design averages out region-
specific differences in vessel structure and shear environ-
ment, whereas a within-limb design preserves them, which
may explain why a positive association observed across limbs
is not reproduced within a single limb.

Taken together with the absence of any association in the
upper limb, the inverse association observed in the lower
limb indicates that the relationship between FMD and PLM
within the same limb is limb-dependent and does not
support the use of the two tests as interchangeable assess-
ments of vascular function. Brachial/popliteal FMD and PLM
should be regarded as complementary, region-specific
markers of macro- and microvascular health, respectively.
This is consistent with the broader observation in the litera-
ture that macro- and microvascular measures of vascular
function frequently do not correlate, and underscores the
importance of selecting the assessment most appropriate to
the specific aspect of vascular function under investigation.

The effect of sex on vascular function.

Contrary to our initial hypothesis, we observed no sex differ-
ences in FMD% in either limb (UL P = 0.921; LL P = 0.398),
despite the well-documented female advantage in brachial
endothelial function attributed to the protective effect of
estrogens (20). Several factors of our experimental design
and physiology may explain this divergence. Baseline
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diameter was significantly smaller in females than in males
in both limbs (UL: 0.34 £ 0.06 vs. 0.44 + 0.04 cm, P < 0.001;
LL:0.47+0.11vs. 0.58 £0.06 cm, P = 0.019), and peak diame-
ter showed the same pattern. Because FMD% is expressed
relative to baseline diameter and is mathematically inversely
related to it (30), the smaller vessels of females would be
expected to yield a higher relative dilation; the fact that FMD
% was nonetheless comparable between sexes suggests that
the magnitude of the dilatory stimulus, rather than vessel size
alone, governed the response. Consistent with this, the shear
rate AUC during reactive hyperemia tended to be higher in
females, particularly in the upper limb (45,221+ 28,122 vs.
28,551+ 9,764, P = 0.107), without reaching significance, and
the FMD/shear rate ratio did not differ between sexes (UL P =
0.238; LL P = 0.607). When peak diameter was analyzed with
an allometric mixed model including baseline diameter as a
covariate, the sex effect remained nonsignificant (P = 0.060).
An effect of sex was, however, observed for time-to-peak
(TTP), with females reaching peak diameter faster than males
in both limbs (sex effect, P = 0.037). This pattern is consistent
with previous observations of a longer TTP in males com-
pared with females reported in children and adolescents (45)
and may reflect subtle sex-related differences in vasodilatory
kinetics not captured by the magnitude of FMD%. Taken
together, these data indicate that, once vessel size and shear
stimulus are accounted for, conduit-artery vasodilator function
was largely comparable between young males and females,
although a sex-related difference in dilatory Kinetics persists.
The expected female advantage in the magnitude of FMD may
have been masked by characteristics of our sample—young,
healthy individuals with preserved endothelial function in
both sexes. In addition, by design, all female participants were
tested within the first 7 days of the menstrual cycle (i.e., in the
early follicular phase), when circulating estrogen levels are at
their lowest. This deliberate standardization minimized hor-
monally driven within-group variability but may also have
attenuated the estrogen-mediated enhancement of FMD typi-
cally reported in females, providing a parsimonious explana-
tion for the absence of a sex difference in FMD% in our
cohort. The mixed findings in the literature (19, 46) further
suggest that factors such as baseline vessel size, vascular bed
dimensions, and habitual physical activity contribute to the
heterogeneity of sex-related FMD results.

In contrast with the FMD findings, the hyperemic response
to PLM showed clear sex-specific differences with a limb-
dependent pattern. In the lower limb, males exhibited higher
peak BF, Apeak BF, and AUC than females (sex effect: peak BF
P = 0.02; Apeak BF P = 0.001; LL AUC between sexes P <
0.001). This pattern is most parsimoniously explained by the
greater muscle mass and limb volume of males, an interpreta-
tion that is directly supported by our own data: once peak BF
and Apeak BF were normalized for limb volume, the sex differ-
ences disappeared (P = 0.167 and P = 0.518, respectively), con-
firming that the absolute lower-limb sex difference is largely
volume-driven. In the upper limb, the pattern was qualita-
tively different: no sex difference was observed for peak BF or
Apeak BF, but AUC displayed a significant limb x sex interac-
tion (P < 0.001), and after normalization for limb volume,
AUC/LV was significantly higher in females than in males in
the upper limb (66.11 £ 50.36 vs. 33.38 £ 37.51, P = 0.003), with
the opposite pattern in the lower limb (40.71+22.13 vs.
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6.34+38.89, P = 0.038). This crossover cannot be explained
by muscle mass alone and suggests additional limb-specific
mechanisms.

Several nonmutually exclusive mechanisms may contrib-
ute to the sex-specific patterns observed. First, sex-related
differences in mechanoreflex sensitivity have been docu-
mented during passive leg movement: Ives et al. (47)
reported that, despite an attenuated central, mechanoreflex-
mediated hemodynamic response in females during PLM,
females achieved a movement-induced hyperemia compara-
ble with that of males, possibly through augmented periph-
eral vasodilatory mechanisms—a pattern broadly consistent
with our volume-normalized findings. Whether the mecha-
noreflex behaves similarly in the upper limb is currently
unclear; recent work by Lehnen et al. (48) characterizing
mechanoreflex activation via passive forearm stretching pro-
vides a relevant framework for interpreting upper-limb
responses, which remain far less explored than lower-limb
responses. Second, sex-related differences in neuromuscular
activation patterns (49) may contribute to the limb-specific
divergence, particularly in the upper-limb response where
muscle mass cannot account for the observed crossover.
Third, sex hormones, particularly estrogens, modulate endo-
thelial nitric oxide bioavailability and smooth muscle
responsiveness (20, 48) and may influence both the conduit-
artery and the microvascular components of the response. In
the present study, female participants were tested in the
early follicular phase to control for hormonal variability; this
choice minimizes the contribution of high estrogen states to
the observed responses, but it also limits the generalizability
of our sex-related findings to other phases of the menstrual
cycle, in which a more pronounced female advantage may
emerge. We also acknowledge that autonomic activity was
not directly measured in the present study, so the contribu-
tion of autonomic mechanisms to the observed sex differen-
ces remains a working hypothesis to be tested in studies
specifically designed for this purpose.

The within-limb correlation matrices stratified by sex
and limb (Fig. 5) provide additional, sex-specific insights
into the determinants of the vascular responses. In the
upper limb of females, FMD% was positively correlated
with shear rate (r = 0.79, P = 0.006), suggesting that con-
duit-artery dilation was tightly coupled to the dilatory
stimulus in this group, in line with the shear-mediated
mechanism of FMD. In the upper limb of males, Apeak BF
was strongly and inversely correlated with shear rate (r =
—0.81, P = 0.004), pointing to a different relationship
between the magnitude of the microvascular response and
the shear environment. In the lower limb of males, limb
volume was strongly and inversely correlated with both
peak BF/LV (r = —0.89, P = 0.001) and Apeak BF/LV (r =
-0.92, P < 0.001), confirming that the volume normaliza-
tion captures a substantial portion of the interindividual
variability in PLM responses, and that limb volume itself
shapes the relationship between absolute and volume-nor-
malized variables. These sex- and limb-specific correlation
structures support the broader interpretation that the reg-
ulators of conduit artery and resistance vessel function
differ between sexes and between limbs, and that pooling
data across sex or limb may mask physiologically relevant
relationships.
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Overall, these findings indicate that sex influences the
PLM response—largely through differences in limb vol-
ume in the lower limb, and through additional, volume-
independent mechanisms in the upper limb, whereas the
magnitude of FMD% was not influenced by sex once vessel
size and shear stimulus were taken into account, although
the kinetics of the response (TTP) differed between sexes.
Researchers and clinicians should therefore consider sex
explicitly when interpreting both PLM and FMD outcomes,
particularly in the upper limb, where the underlying phys-
iological mechanisms remain to be clarified.

Limitations

This study has some limitations. The first one is the
range of motion (ROM) of the PLM. As mentioned in a pre-
vious paper on PLM on different joints (32), the 90 degrees
of ROM on the knee is not the same relative proportion for
the elbow, though matched in absolute terms between
limbs, this relatively lower ROM in the UL could have
influenced the results. The second aspect of the ROM is
that it can increase and decrease over time if the partici-
pant does a specific kind of training or activity, which,
alongside individual differences between the participants,
it is possible that 90 degrees of ROM relative to the indi-
vidual maximal joint ROM may have also played a role in
the hyperemic response to limb movement. The position
of the participant for the PLM is an additional important
context, as there are studies with PLM performed in the
supine position and others that use an upright position.
We used the upright position because it is the one usually
adopted for the PLM and the one suggested in the guide-
lines (11), but it could be difficult to compare results
obtained with different positions (upright vs. supine)
because of the different central and peripheral hemody-
namic responses to the different positions (31). Regarding
physical activity (PA), there are many papers in the litera-
ture that document that a higher level of PA helps to
increase vascular function in healthy young or older indi-
viduals (50, 51). This study did not control participants’
PA, or the specificity of the PA (UL vs. LL), which could
have affected the results. An additional limitation is that
the participants’ health status was verified only through
self-reported medical history, together with MAP and BMI;
no further clinical or laboratory measures were available
to confirm the absence of underlying conditions. The last
methodological limit is the relatively small sample size; 20
participants completed the study, 10 males and 10 females.
With a larger sample size, some of the correlations that did
not reach significance but trended in a direction could
become significant. Though the effect size indicators (e.g.,
r values) are useful, further research with a larger sample
is needed.

Finally, it must be acknowledged that the primary scope
of this study was strictly methodological and comparative.
Our main objective was to evaluate the degree of agreement
and concordance between FMD and PLM across different
limbs and sexes, rather than to dissect specific cellular path-
ways or provide new, direct insights into the underlying
potential physiological explanations. Consequently, further
mechanistically oriented studies are warranted to fully
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elucidate the exact biological networks driving these regional
and sex-specific vascular variations.

Conclusions

This study compared two widely used methods of vascular
function assessment—flow-mediated dilation and passive
limb movement—applied to the upper and lower limbs in
young, healthy males and females. FMD was not interchange-
able between limbs, with significantly different FMD hx0025;
values and no correlation between FMDy; % and FMD;; %,
supporting the view that brachial and popliteal FMD provide
complementary, region-specific information. Sex did not
influence FMD% once vessel size and shear stimulus were
accounted for, although vasodilatory Kinetics (time-to-peak)
were faster in females than in males. The interlimb agreement
of PLM was only partial, limited to peak BF and Apeak BF and
lost after volume normalization, so that PLMy;, and PLM;,
should be regarded as complementary rather than fully inter-
changeable indices. Males and females also exhibited distinct
PLM response patterns, mainly driven by limb volume in
the lower limb and by additional, volume-independent mech-
anisms in the upper limb. Future studies should clarify
the physiological mechanisms underlying these sex-specific
responses, particularly during passive limb movement.
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