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Abstract
Background  Flow‑mediated slowing (FMS) is a user‑friendly, non‑invasive measure of macrovascular reactivity based 
on the decline in brachial–radial pulse wave velocity (PWV) during reactive hyperaemia. To evaluate the clinical utility 
of FMS in cardiovascular (CV) risk stratification we examined its association with cardiorespiratory fitness (CRF) across 
the CV risk spectrum.

Methods  This cross-sectional analysis included 284 adults with or without CV risk factors. FMS was analysed 
continuously as relative PWV changes at 30-second intervals, and categorically as abnormal peak FMS and response. 
CRF was quantified as peak oxygen uptake (VO₂peak), including percentage of predicted VO₂peak (ppVO₂peak). 
Associations were explored using correlation and multivariable regression, stratified by CV risk status and sex.

Results  Of 284 participants (61 ± 11 years; 44% women), 237 had ≥ 1 CV risk factor. In apparently healthy individuals, 
greater PWV change correlated with higher VO₂peak (p < 0.05), a pattern not observed in at-risk participants. 
Multivariable models showed that greater PWV reductions were independently associated with higher ppVO₂peak 
in the full cohort (p < 0.01) and at-risk subgroup (p < 0.05), with the strongest associations with both VO₂peak and 
ppVO₂peak seen in healthy individuals (p < 0.01 for most intervals). An abnormally low FMS response was associated 
with lower VO₂peak/kg and ppVO₂peak (p < 0.05). Associations appeared stronger in women (p < 0.01 for most 
intervals), though sex interactions were not significant.
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1  Background
Cardiovascular disease (CVD) remains the leading cause 
of mortality in Europe, responsible for approximately 3.9 
million deaths annually, representing nearly 45% of all 
deaths [1]. With increasing life expectancy and the rising 
prevalence of cardiovascular (CV) risk factors, the soci-
etal burden of CVD is expected to keep rising over the 
next decades [2]. Effective long-term preventive strate-
gies and early detection methods are needed to mitigate 
the decline in both lifespan and health-related quality of 
life in individuals at-risk for CVD [1].

Endothelial dysfunction is a hallmark of the early devel-
opment of CVD, including conditions such as atheroscle-
rosis and heart failure with preserved ejection fraction 
(HFpEF) and thus represents a key target for CVD pre-
vention [3, 4]. The vascular endothelium, as the inner cel-
lular lining of arteries, veins, and capillaries, functions 
as an endocrine organ, playing a key role in regulating 
regional blood flow and pressure by controlling the vas-
cular tone, inflammation, immune response, angiogen-
esis and vascular permeability [5].

Several tests aim to non-invasively quantify vasoreac-
tivity as a proxy of endothelial function by inducing shear 
stress through reactive hyperaemia [6]. Following tran-
sient occlusion of blood flow, an increase in shear stress 
stimulates nitric oxide-mediated vasodilation in healthy 
endothelial cells, whereas endothelial dysfunction mani-
fests as a blunted vasodilatory response [7]. Brachial 
artery flow-mediated dilation (FMD), measured by ultra-
sound tracking of changes in brachial artery diameter 
during reactive hyperaemia, is widely regarded as the 
gold standard for non-invasive assessment of macrovas-
cular endothelial function [8]. However, its reliability is 
highly dependent on operator expertise, limiting wide-
spread clinical application [8].

In recent years, flow-mediated slowing (FMS) has 
emerged as an automated operator-independent, user-
friendly and non-invasive alternative for assessing mac-
rovascular reactivity [9]. FMS evaluates macrovascular 
reactivity by tracking changes in pulse wave velocity 
(PWV), such as brachial-radial PWV, during reactive 
hyperaemia, which inversely correlates with vasodila-
tion [10]. In healthy individuals, PWV decreases dur-
ing reactive hyperaemia due to vessel dilation (i.e., an 
increase in internal radius). So while FMD directly mea-
sures the changes in vessel diameter, FMS captures the 

corresponding slowing in PWV. This slowing forms the 
physiological basis of FMS: a lower, less negative FMS 
value (i.e., less slowing in PWV) may indicate impaired 
vasodilation and, indirectly, poorer endothelial function 
[10].

Cardiorespiratory fitness (CRF), commonly expressed 
as peak oxygen uptake (VO₂peak), is a powerful predictor 
of CV outcomes and all-cause mortality. Extensive evi-
dence shows that low CRF is associated with a higher risk 
of CV events and death, independent of traditional risk 
factors such as hypertension, diabetes, and smoking [11–
13]. Physiologically, CRF reflects the integrated function 
of the CV, pulmonary, and muscular systems to deliver 
and utilize oxygen during sustained exercise [14]. The 
primary determinants of CRF include cardiac output, 
arterial-venous oxygen difference, ventilatory capacity, 
and the oxidative function of skeletal muscle [14]. As key 
regulator of vascular tone, endothelial function is a criti-
cal component of this oxygen delivery system. Impaired 
endothelial responsiveness may limit blood flow to work-
ing tissues during exercise, contributing to reduced oxy-
gen delivery, slower VO₂ kinetics, and diminished aerobic 
capacity [15]. Previous studies have explored the rela-
tionship between CRF and macrovascular endothelial 
function, observing modest associations between CRF 
and FMD [16]. However, the association between CRF 
and a more user-friendly and potentially more granular 
vasoreactivity test, such as FMS remains uninvestigated.

To evaluate the clinical relevance of FMS in CV risk 
stratification, this study aimed to investigate its asso-
ciation with VO₂peak as a key measure of CRF. To 
strengthen the generalizability of FMS, the association 
was investigated across the CV risk spectrum, from 
apparently healthy subjects to individuals at high risk 
for CVD. We hypothesized that lower FMS, indicating 
impaired vascular reactivity, would be associated with 
lower CRF across the CV risk spectrum.

2  Methods
2.1  Study Design and Population
Baseline data from the ‘Personalized remotely guided 
preventive exercise for a healthy heart’ (PRIORITY) and 
data from the ‘Flemish Study on Environment, Genes 
and Health Outcomes’ (FLEMENGHO) were pooled. 
The study designs of both studies have been described 
elsewhere [17, 18]. In short, PRIORITY (NCT04745013) 

Conclusions  Better macrovascular reactivity, as assessed by FMS, was associated with higher CRF, particularly in 
women and apparently healthy individuals. These findings highlight FMS as a promising, scalable tool for CV risk 
stratification.
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is a randomized controlled trial on the feasibility, clini-
cal efficacy and cost-effectiveness of a hybrid centre and 
home-based personalized exercise and physical activity 
intervention for patients along the HFpEF continuum. 
FLEMENGHO, a longitudinal population study, consists 
of a family-based population sample that has been ran-
domly recruited in northeastern Belgium between 1985 
and 2005. For our analysis we considered examinations 
performed between December 2019 and March 2023. 
Both studies were approved by the Ethics Committee 
Research UZ Leuven/KU Leuven (S65155 and S64406). 
Participants provided written informed consent prior to 
their participation.

Within these two available cohorts, 387 participants 
were identified who underwent both a cardiopulmonary 
exercise test (CPET) and FMS. Twenty-seven participants 
were excluded from analyses, due to factors compromis-
ing the FMS assessment, such as an incomplete FMS test 
(n = 4), arrhythmias or extrasystole interfering with the 
FMS tracing (n = 8), or overall low test quality (n = 15). 
Additionally, we excluded participants with symptomatic 
heart failure (n = 35), those with an office systolic blood 
pressure at rest exceeding 180 mmHg (n = 4), and those 
with submaximal CPET as indicated by a respiratory 
exchange ratio (RER) below 1.06 (n = 37) [19]. The total 
analysis sample thus included 284 individuals.

2.2  Apparently Healthy Versus At-Risk
Individuals were further stratified based on the presence 
of clinical CV risk factors. While information on both 
clinical and behavioural risk factors (e.g. smoking, exces-
sive alcohol consumption) were collected, the current 
analysis focused solely on clinical CV risk factors. Partici-
pants classified as 'at-risk’ were asymptomatic for CVD 
but had at least one of the following confirmed clinical 
CV risk factors based on medical history and medication 
use: history of treated or untreated hypertension (blood 
pressure 130/80–159/99mmHg) AND/OR prediabetes 
(impaired fasting glucose and/or insulin resistance with 
either fasting plasma glucose: 100–125 mg/dL (5.6–6.9 
mmol/L) or HbA1c: 5.7−6.4% or Homeostatic Model 
Assessment of Insulin Resistance index > 2.0) AND/OR 
obesity (30 kg/m2 ≥ BMI ≤ 42 kg/m2) AND/OR diabetes 
treated with anti-diabetic medications AND/OR current 
use of lipid-lowering medication. Participants were con-
sidered apparently healthy if they had none of the afore-
mentioned CV risk factors and no history of CVD, as 
confirmed by their medical history and medication use.

2.3  Data collection
2.3.1  Cardiorespiratory Fitness
Each patient performed a symptom-limited incremen-
tal exercise protocol on a cycle ergometer (JAEGER 
Vyntus CPX, Vyaire medical; Mettawa, USA), aiming 

to reach maximum volitional exertion within 8–12 min 
(20 W ± 20 W/min; 10 W ± 10 W/min). Exercise testing 
was performed under continuous ECG monitoring (Car-
dioSoft ECG, Cardiosoft, USA) with breath-by-breath 
analysis of inspired and expired gas (VO2, VCO2) and 
minute ventilation. The blood pressure was measured 
every other minute using an automated monitor. The 
test was stopped upon volitional exertion (i.e. when the 
patient was unable to keep the pedalling rate above 60 
rpm) or when any AHA termination criterion occurred 
[20]. After the test, the patient rated the maximal level of 
perceived exertion on the 6 to 20 Borg scale. The CPET 
was considered maximal by the assessor when both the 
second ventilatory threshold was reached and the respi-
ratory exchange ratio (RER) was ≥ 1.06. VO2peak was 
defined as the highest achieved oxygen uptake measured 
over an average duration of 30 s of exercise. VO₂peak 
was further normalized for body weight and expressed as 
relative oxygen uptake (VO₂peak/kg, in mL·kg⁻1·min⁻1). 
Additionally, the percent of the predicted VO₂peak 
(ppVO₂peak) was calculated based on reference equa-
tions by Wasserman and Gläser, adjusted for age, sex, 
height, and body weight [21, 22].

2.3.2  Brachial-Radial FMS
Participants were instructed to refrain from exercise for 
at least 24 hours prior to the measurement. Subjects were 
asked to come in a fasted state and to not ingest sub-
stances that might affect endothelial function, such as 
caffeine, tobacco and alcohol. FMS measurements were 
subsequently conducted in a temperature-controlled, 
dimly lit room around 22 °C after a five-minute rest in 
supine position. An automated protocol to measure bra-
chial-radial FMS was applied using the Vicorder™ device 
(80 Beats Medical, Berlin, Germany) [10]. The oscil-
lometric assessment of brachial-radial FMS was found 
highly reproducible, with a coefficient of variation (CoV) 
of 7.3% for between-day measurements [9]. Its reproduc-
ibility is therefore comparable with FMD (CoV: 7.1%) and 
superior to other non-invasive vasoreactivity tests [23, 
24].

During the procedure, participants lay supine with 
their left arm positioned at an angle of 70–80° from their 
body. Two oscillometric cuffs connected to the Vicorder™ 
were placed around the upper arm and wrist. Brachial-
radial distance (D) was determined as the distance 
between the midst of both cuffs. The FMS procedure 
comprised a three-minute baseline period, an occlusion 
period of five minutes during which the brachial cuff was 
inflated to 200 mmHg to block blood flow, and a four-
minute post-occlusion period. During pre- and post-
occlusion periods, both cuffs were mildly inflated (≤ 65 
mm Hg) to simultaneously record brachial and radial 
pulse wave tracings.
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The onset-time of upstroke was derived from both the 
brachial (tbrachial) and radial pulse tracings (tradial) in real-
time. Brachial-radial PWV was calculated from pulse 
tracings every three to four seconds during the baseline 
and post-occlusion period as the brachial-radial dis-
tance D divided by the transit time ∆T (PWV = D/[tradial-
tbrachial] = D/∆T). Mean baseline PWV (PWVBL) and 
mean post-occlusion PWV were calculated for each 30 s 
interval starting from the first measurement after occlu-
sion (recorded about 15 s after brachial cuff release). FMS 
was analysed as a continuous variable, defined as the 
relative change (∆) in PWV following hyperaemia (e.g. 
FMS0–30 = [PWV0–30-PWVBL]/PWVBL × 100%). In addi-
tion, a categorical classification was applied, where an 
abnormal FMS peak was defined as a peak slowing less 
than 9.4% (if < 60 years) or less than 4.6% (if ≥ 60 years) 
[25]. For each participant, the FMS trajectory was further 
characterised and labelled as a low (abnormal) or mod-
erate-to-high FMS response using a previously validated 
group-based trajectory modelling algorithm [25].

2.3.3  Other Measurements
Medical history and medication were obtained by self-
report and adjudicated and supplemented by hospi-
tal records. Anthropometric measurements included 
height, weight and BMI (calculated as weight/height2). 
Office blood pressure was measured in triplicate follow-
ing a 10 minutes seated rest using an OMRON M3 moni-
tor (Omron Healthcare, Japan) per ESH guidelines [26]. 
Biochemical analyses on fasting venous blood samples, 
assessed HbA1c and lipids (total cholesterol, LDL-C, 
HDL-C and triglycerides).

2.4  Statistical Analysis
Study data were managed using REDCap (Research Elec-
tronic Data Capture) tools hosted at KU Leuven [27, 
28]. For statistical analysis, Python v3.13 was used [29]. 
Normality of distributions was evaluated by skewness 
statistic and visual inspection of histograms. Clinical 
characteristics of both groups were compared by means 
of a Z-test or chi-squared test based on the character-
istics of the data. For continuous variables, a Z-test was 
applied to compare means. Categorical variables were 
compared using the chi-squared test.

Univariate Pearson correlations and multivariable 
regression models were applied to investigate the relation 
between the FMS and the VO2peak metrics. Analyses 
were conducted for the whole cohort, by CV risk group 
(at-risk vs. apparently healthy) and by sex. The FMS 
response was the independent variable, expressed either 
on a continuous scale as the relative change in PWV at 
each 30-s post-occlusion interval, and on a categorical 
scale, as abnormal FMS peak or response. Multivariable-
adjusted models accounted for differences in age, sex, 

height, body weight, systolic and diastolic blood pressure, 
current smoking status, resting heart rate, use of beta-
blocker medication, use of lipid-lowering medication and 
diabetes diagnosis. An interaction term between sex and 
FMS was introduced and evaluated. For all tests, statisti-
cal significance was set at a two-sided P < 0.05.

3  Results
3.1  Cohort Characteristics
Characteristics for the overall cohort, and by CV risk 
group are summarized in Table  1. The mean age of the 
participants was 61 ± 11 years old, with women compris-
ing 44% of the study sample. Of the 284 participants, 237 
(n = 103 women, 43.5%) presented with at least one CV 
risk factor (187 with hypertension [138 on treatment], 57 
with diabetes mellitus, and 102 on lipid-lowering drugs) 
and 47 (n = 22 women, 46.8%) were considered as appar-
ently healthy. Compared to the at-risk group, apparently 
healthy individuals were significantly younger, had lower 
BMI and blood pressure, and showed a distinct lipid pro-
file (higher total cholesterol, LDL and HDL,  and lower 
triglycerides), along with lower HbA1c, higher estimated 
Glomerular Filtration Rate (eGFR), and higher VO₂peak 
(per kg and ppVO₂peak Gläser). No statistically signifi-
cant differences were found in the PWV change between 
the two CV risk groups.

3.2  Unadjusted Correlations Between VO2peak Metrics 
and Continuous FMS Response
Figure 1 shows the correlation matrix between different 
VO₂peak metrics and the PWV change at 30 s intervals. 
In the apparently healthy group, a greater reduction in 
PWV in the 0–60 s post-occlusion interval was signifi-
cantly correlated with VO₂peak (VO2peak: r = −0.43 to 
−0.34; VO2peak/kg: r = −0.56 to −0.45; ppVO2peak (Was-
serman): r = −0.38 to −0.37; ppVO2peak (Gläser): r = −0.54 
to −0.48) whereas for the 60 to 180 s post-occlusion inter-
vals, ppVO2peak (Wassermann) and ppVO2peak (Gläser) 
correlated inversely with the PWV change. In contrast, 
in the at-risk group, no significant correlations between 
the VO2peak metrics and PWV change were observed. 
In the total cohort, we observed significant correla-
tions between VO₂peak/kg and the PWV change within 
the initial 30 s post-occlusion, and between ppVO2peak 
(Gläser) and the immediate post-occlusion PWV change 
(Figure S1).

3.3  Adjusted Associations Between VO2peak and FMS 
Response
Table S1 and Table  2 summarize the multivariable-
adjusted associations between VO2peak metrics and 
the PWV change in the full cohort and by CV risk 
group, respectively. In both the overall sample (Table 
S1) and the at‑risk group (Table  2), a greater reduction 
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in PWV within the post‑occlusion interval was indepen-
dently associated with higher VO₂peak, when assessed 
as ppVO₂peak. In the total cohort, this association was 
significant across 0–180 s for both the Gläser and Was-
serman methods, whereas in the at‑risk group it was sig-
nificant across 0–180 s for Gläser and from 30–180 s for 
Wasserman (p < 0.05 for all). The strongest associations 
between PWV change and all VO2peak metrics were 
observed in the apparently healthy group. For instance, 
in the apparently healthy group, a one standard deviation 
decrease in PWV change (corresponding to a stronger 
response) was associated with a 249.0 mL·min⁻1 increase 
in VO2peak (p < 0.01), a 3.2 mL·kg⁻1·min⁻1 increase in 
VO2peak/kg (p < 0.01), and 9% increase in ppVO2peak 
(p < 0.01) (Table 2).

In categorical analyses, an abnormally low FMS 
response was independently associated with lower 
VO2peak/kg and ppVO2peak (Wasserman and Gläser) 
in the full cohort (Table S1). After full adjustment, a ± 6% 
lower ppVO2peak for Wasserman (p < 0.05) for Gläser 
(p < 0.01) was observed in those with abnormal low FMS 
response.

Subgroup analysis showed similar trends for VO2peak 
metrics and abnormal (peak) FMS response, but these 
associations did not reach statistical significance with 
the exception of ppVO2peak (Gläser) and abnormal FMS 
response in the at-risk and apparently healthy subgroup 
(Table 2).

3.4  Sex-Specific Differences
Sex-specific heatmaps of the unadjusted correlations 
between VO₂peak metrics and continuous PWV change 
at 30-s intervals are displayed in Fig.  2. In the at-risk 
group, women showed stronger correlations than men, 
whereas in the apparently healthy group both men and 
women showed strong associations. The strongest cor-
relations (p < 0.01) were observed in apparently healthy 

Overall 
cohort 
(n = 284)

At-risk 
(n = 237)

Apparent-
ly healthy 
(n = 47)

General characteristics

Age, years 61 ± 11 62 ± 10 56 ± 12*

Females, n(%) 125 (44.0) 103 (43.5) 22 (46.8)

BMI, kg/m2 28.3 ± 4.8 29.1 ± 4.8 24.7 ± 2.5*

SBP, mmHg 131 ± 16 134 ± 15 119 ± 11*

DBP, mmHg 80 ± 11 81 ± 11 74 ± 7.6*

Regular alcohol use, n(%) 117 (41.2) 94 (39.7) 23 (48.9)

Current smoker, n(%) 16 (5.6) 11 (4.6) 5 (10.6)

CV risk factors

Hypertension, n(%) 187 (65.9) 187 (78.9) –

Treated for hypertension, 
n(%)

138 (48.6) 138 (58.2) –

    Beta-blockers, n(%) 69 (24.3) 69 (29.1) –

    ACEi/ARBs, n(%) 93 (32.8) 93 (39.2) –

    CCB, n(%) 52 (18.3) 52 (21.9) –

    Diuretics, n(%) 51 (18.0) 51 (21.5) –

Diabetes, n(%) 57 (20.1) 57 (24.1) –

Lipid-lowering drugs, n(%) 102 (35.9) 102 (43.0) –

Biochemical parameters

Total cholesterol, mmol/L 4.6 ± 1.0 4.5 ± 1.0 5.2 ± 0.9*

Triglycerides, mmol/L 1.29 ± 0.67 1.34 ± 0.69 1.01 ± 0.41*

HDL cholesterol, mmol/L 1.4 ± 0.4 1.4 ± 0.4 1.7 ± 0.5*

LDL cholesterol, mmol/L 2.6 ± 0.9 2.5 ± 0.9 3.1 ± 0.7*

Hemoglobin A1c, % 5.8 ± 0.7 5.8 ± 0.7 5.5 ± 0.2*

eGFR (CKD-EPI), mL/
min/1.73m2

88.4 ± 14.5 87.6 ± 14.8 92.4 ± 11.8*

Cardiopulmonary exercise test data

VO2peak, mL·min⁻1 1933 ± 609 1911 ± 596 2046 ± 661

VO2peak/kg, mL·kg⁻1·min⁻1 23.2 ± 6.5 22.4 ± 5.8 27.7 ± 7.5*

ppVO2peak (Wasserman) 102 ± 19 102 ± 19 106 ± 17

ppVO2peak (Gläser) 98 ± 18 97 ± 18 102 ± 15*

HRpeak, bpm 152 ± 22 149 ± 23 165 ± 14*

SBPpeak, mmHg 194 ± 29 196 ± 29 186 ± 23*

RERpeak 1.19 ± 0.07 1.18 ± 0.07 1.22 ± 0.07*

PWV change: raw output per 30 s interval

Baseline PWV, m/s 7.4 ± 1.1 7.5 ± 1.1 7.2 ± 1.0

PWV change 0 s, % −15.3 ± 10.1 −14.8 ± 10.2 −17.7 ± 8.8

PWV change 0-30s, % −11.6 ± 10.2 −11.0 ± 10.4 −14.2 ± 8.4

PWV change 30-60s, % −8.8 ± 10.9 −8.4 ± 11.2 −10.8 ± 9.3

PWV change 60-90s, % −8.0 ± 10.8 −7.8 ± 10.9 −8.7 ± 10.0

PWV change 90-120s, % −7.5 ± 10.7 −7.2 ± 10.6 −8.9 ± 10.6

PWV change 120-150s, % −7.4 ± 10.3 −7.0 ± 10.3 −9.0 ± 10.1

PWV change 150-180s, % −6.7 ± 10.0 −6.4 ± 10.0 −8.2 ± 10.0

Table 1  Cohort characteristics

Overall 
cohort 
(n = 284)

At-risk 
(n = 237)

Apparent-
ly healthy 
(n = 47)

PWV change 180-210s, % −3.1 ± 7.8 −3.1 ± 7.6 −2.8 ± 8.8

PWV change 210-240s, % −1.1 ± 7.8 −1.0 ± 7.5 −1.6 ± 8.8
Values are displayed as mean ± standard deviation or as number of subjects 
(n) and %. Regular alcohol use was defined as a self-reported weekly alcohol 
consumption corresponding to an estimated daily intake of more than five 
grams of pure alcohol
*Significant at the 0.05 level

BMI body mass index; SBP systolic blood pressure; DBP diastolic blood pressure; 
ACEi/ARBs angiotensin-converting enzyme inhibitors/angiotensin receptor 
blockers; CCB calcium channel blockers, HDL high-density lipoprotein; LDL 
low-density lipoprotein; eGFR (CKD-EPI) estimated glomerular filtration 
rate according to CKD-EPI equations; VO2peak peak oxygen consumption; 
ppVO2peak % of the predicted VO2peak; HRpeak heart rate during peak exercise; 
SBPpeak systolic blood pressure during peak exercise; RERpeak respiratory 
exchange ratio during peak exercise; PWV pulse wave velocity

Table 1  (continued) 
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men and women, while men in the at-risk group exhib-
ited the weakest associations. These findings were largely 
confirmed for women, whereas in men the multivari-
able‑adjusted analyses showed no consistent significant 
associations between VO₂peak metrics and PWV change 
by sex (Table 3 and Tables S2 and S3). Although associa-
tions in women appeared generally stronger and more 
likely to be significant than in men, an interaction term 
added for sex was not significant. All associations in 
women between PWV change in the 0 and 180 s post-
occlusion intervals across all VO₂peak metrics were sig-
nificant (p < 0.05 for all, p < 0.01 for most). Abnormal FMS 
response was associated with lower VO₂peak in women, 

lower VO₂peak/kg in both sexes, and lower ppVO2peak 
according to Gläser for women.

4  Discussion
We found that higher CRF, across various VO₂peak met-
rics, was independently associated with better macro-
vascular reactivity as assessed via the user-friendly FMS 
method. This association was strongest in apparently 
healthy individuals and in women. These findings are in 
line with previous research indicating that better endo-
thelial function associates with higher levels of CRF, and 
add to the growing evidence that FMS may serve as a 
promising tool for non-invasive vascular assessment [30]. 
In addition, our findings suggest that the presence of CV 

Table 2  Adjusted associations between VO2peak metrics and PWV change by CV risk group
VO2peak, mL·min−1 VO2peak/kg, mL·kg−1·min−1 ppVO2peak (Wasserman) ppVO2peak (Gläser)
At-risk (237) Healthy (47) At-risk (237) Healthy (47) At-risk (237) Healthy (47) At-risk (237) Healthy (47)
Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE Estimate ± SE

Continuous PWV change

First measurement 28.3 ± 33.8 223.3 ± 60.4** 0.7 ± 0.5 2.5 ± 1.1* 2.0 ± 1.3 6.3 ± 2.4* 2.7 ± 1.2* 6.7 ± 2.0**

0-30s −1SD, % 10.6 ± 32.4 249.0 ± 57.5** 0.4 ± 0.5 3.2 ± 1.0** 2.4 ± 1.3 7.6 ± 2.5** 3.0 ± 1.2* 8.7 ± 2.0**

30-60s −1SD, % 20.2 ± 32.2 185.2 ± 65.0** 0.4 ± 0.5 2.1 ± 1.1 3.0 ± 1.3* 6.8 ± 2.5* 3.1 ± 1.2* 7.7 ± 2.1**

60-90s −1SD, % 36.7 ± 32.0 157.2 ± 62.7* 0.3 ± 0.5 1.5 ± 1.1 3.5 ± 1.3** 7.6 ± 2.5** 3.4 ± 1.2** 7.5 ± 2.2**

90-120s −1SD, % 26.4 ± 32.2 141.8 ± 66.5* 0.3 ± 0.5 1.1 ± 1.1 3.7 ± 1.3** 7.4 ± 2.5** 3.3 ± 1.2** 6.8 ± 2.2**

120-150s −1SD, % 30.2 ± 32.2 211.2 ± 67.8** 0.5 ± 0.5 2.0 ± 1.2 3.5 ± 1.3** 8.0 ± 2.4** 3.0 ± 1.2* 7.3 ± 2.1**

150-180s −1SD, % 29.8 ± 31.0 202.0 ± 66.3** 0.3 ± 0.4 1.7 ± 1.1 3.4 ± 1.3* 7.4 ± 2.5** 2.8 ± 1.2* 7.2 ± 2.2**

180-210s −1SD, % −19.9 ± 31.7 81.0 ± 68.9 0.0 ± 0.5 0.1 ± 1.1 −0.1 ± 1.2 2.4 ± 2.5 −0.8 ± 1.1 3.2 ± 2.2

210-240s −1SD, % −25.5 ± 31.6 −21.6 ± 74.6 −0.3 ± 0.5 −1.4 ± 1.2 −0.9 ± 1.2 0.9 ± 2.4 −1.3 ± 1.1 2.0 ± 2.1

Categorical PWV change

Abnormal FMS peak −36.5 ± 61.8 −77.1 ± 151.5 −1.3 ± 0.9 −0.5 ± 2.4 −4.2 ± 3.2 −6.3 ± 7.9 −4.4 ± 2.9 −6.8 ± 6.9

Abnormal FMS response −67.7 ± 64.1 −264.3 ± 149.3 −1.6 ± 0.9 −2.5 ± 2.4 −5.0 ± 2.7 −9.7 ± 5.6 −5.3 ± 2.4* −11.2 ± 4.8*
The multivariable-adjusted model included the following predictors: age, sex, length, weight, systolic and diastolic blood pressure, current smoking status, resting 
heart rate, use of beta-blocker medication, diabetes diagnosis and use of lipid-lowering drugs. An interaction term was added for sex but this was not significant 
for all models. Values represent regression coefficients (Estimate) with standard errors (SE). Continuous variables were analysed per 30-s intervals and displayed as 
change in VO2peak metric per SD improvement (=—1SD) in PWV change. An abnormal FMS peak was defined as a peak slowing less than 9.4% (if < 60 years) or less 
than 4.6% (if ≥ 60 years). An abnormal FMS response was determined based on FMS trajectory, with low responses classified as abnormal, and moderate or high 
responses classified as normal
*Significant effect size at the 0.05 level
**Significant effect size at the 0.01 level

Fig. 1  Unadjusted correlations between VO2peak metrics and continuous PWV change by CV risk group. The heatmap displays Pearson correlation coef‑
ficients (r) between different VO₂peak metrics and continuous changes in pulse wave velocity (PWV) measured at 30 s intervals, stratified by cardiovascu‑
lar (CV) risk group. Positive correlations are shown in blue, and negative correlations in red. Statistically significant correlations are indicated by p < 0.05 (*) 
and p < 0.01 (**). VO2peak peak oxygen consumption; ppVO2peak % of the predicted VO2peak; PWV pulse wave velocity
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Table 3  Adjusted associations between VO2peak metrics and PWV change by sex
VO2peak, mL·min−1 VO2peak/kg, 

mL·kg−1·min−1
ppVO2peak (Wasserman) ppVO2peak (Gläser)

Men (159) Women (125) Men (159) Women 
(125)

Men (159) Women 
(125)

Men (159) Women 
(125)

Estimate ± SE Estimate ± SE Esti-
mate ± SE

Esti-
mate ± SE

Esti-
mate ± SE

Esti-
mate ± SE

Esti-
mate ± SE

Esti-
mate ± SE

Continuous PWV change

First measurement 51.7 ± 31.8 64.1 ± 26.9* 1.0 ± 0.5* 1.2 ± 0.4** 2.6 ± 1.4 3.2 ± 2.0 2.6 ± 1.4 4.0 ± 1.7*

0-30s −1SD, % 47.5 ± 33.7 83.5 ± 25.8** 0.9 ± 0.5 1.4 ± 0.4** 2.4 ± 1.5 5.0 ± 1.9** 2.5 ± 1.5 5.3 ± 1.7**

30-60s −1SD, % 53.3 ± 33.6 83.6 ± 25.0** 0.8 ± 0.5 1.3 ± 0.4** 2.6 ± 1.5 5.4 ± 1.8** 2.6 ± 1.5 5.4 ± 1.6**

60-90s −1SD, % 67.8 ± 32.6* 85.0 ± 25.3** 0.6 ± 0.5 1.4 ± 0.4** 2.8 ± 1.5 5.8 ± 1.9** 2.7 ± 1.4 5.6 ± 1.6**

90-120s −1SD, % 56.6 ± 32.8 78.6 ± 25.4** 0.7 ± 0.5 1.3 ± 0.4** 2.8 ± 1.5 5.5 ± 1.8** 2.8 ± 1.4 5.1 ± 1.6**

120-150s −1SD, % 62.4 ± 32.4 72.3 ± 25.4** 0.9 ± 0.5 1.1 ± 0.4** 3.0 ± 1.4* 4.7 ± 1.9* 2.9 ± 1.4* 4.5 ± 1.6**

150-180s −1SD, % 64.7 ± 31.3* 77.1 ± 26.0** 0.7 ± 0.5 1.2 ± 0.4** 3.0 ± 1.4* 4.5 ± 1.9* 2.9 ± 1.4* 4.4 ± 1.7*

180-210s −1SD, % 0.2 ± 30.2 −4.6 ± 24.5 0.2 ± 0.4 −0.3 ± 0.4 0.0 ± 1.4 −0.7 ± 1.8 −0.1 ± 1.3 −0.6 ± 1.6

210-240s −1SD, % −14.6 ± 30.3 −8.5 ± 24.2 −0.1 ± 0.4 −0.3 ± 0.4 −0.7 ± 1.4 −0.9 ± 1.8 −0.6 ± 1.3 −0.9 ± 1.6

Categorical PWV change

Abnormal FMS peak −60.8 ± 81.9 −75.3 ± 66.6 −1.8 ± 1.2 −1.6 ± 1.1 −3.7 ± 3.6 −3.0 ± 4.8 −3.5 ± 3.5 −4.5 ± 4.3

Abnormal FMS response −101.2 ± 66.4 −108.4 ± 54.2* −1.9 ± 1.0* −1.8 ± 0.9* −5.2 ± 2.9 −6.5 ± 4.0 −5.5 ± 2.8 −7.2 ± 3.5*
The multivariable-adjusted model included the following predictors: age, length, weight, systolic and diastolic blood pressure, current smoking status, resting heart 
rate, use of beta-blocker medication, diabetes diagnosis and use of lipid-lowering drugs. Values represent regression coefficients (Estimate) with standard errors 
(SE). Continuous variables were analysed per 30 s intervals and displayed as change in VO2peak metric per SD improvement (=−1SD) in PWV change. An abnormal 
FMS peak was defined as a peak slowing less than 9.4% (if < 60 years) or less than 4.6% (if ≥ 60 years). An abnormal FMS response was determined based on FMS 
trajectory, with low responses classified as abnormal, and moderate or high responses classified as normal
*Significant effect size at the 0.05 level
**Significant effect size at the 0.01 level

Fig. 2  Unadjusted correlations between VO2peak metrics and continuous PWV change by CV risk group and sex. The heatmap displays Pearson cor‑
relation coefficients (r) between different VO₂peak metrics and continuous changes in pulse wave velocity (PWV) measured at 30 s intervals, stratified by 
cardiovascular (CV) risk group. Positive correlations are shown in blue, and negative correlations in red. Statistically significant correlations are indicated 
by p < 0.05 (*) and p < 0.01 (**). VO2peak peak oxygen consumption; ppVO2peak % of the predicted VO2peak; PWV pulse wave velocity
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risk factors may attenuate the strength of the association 
between CRF and macrovascular health, highlighting the 
importance of preserving CRF and vascular health before 
CV risk factors develop.

4.1  Key Findings
In our cohort, better FMS responses during the early 
post-occlusion phase (0–60s) were significantly corre-
lated with higher VO₂peak, particularly in healthy par-
ticipants. This aligns with previous findings showing 
VO₂peak as a strong correlate of endothelial function, 
when measured as FMD [31]. Similarly, a large cross-
sectional study in healthy adults and patients with CVD 
found that CRF is positively associated with endothelial 
function, independent of traditional CV risk factors [16].

Multivariable-adjusted analysis in the total cohort 
and stratified per CV risk group, accounting for impor-
tant covariates such as age, sex, smoking, lipid-lowering 
medication and beta-blocker use, indicated that a bet-
ter FMS response was independently associated with 
higher ppVO2peak and thus CRF regardless of CV risk. 
These findings reinforce the previously established rela-
tionship between FMD and VO₂peak and the predictive 
value of endothelial function for long-term CV outcomes 
[30]. Notably the associations across all VO₂peak metrics 
were consistently stronger and more statistically robust 
in the apparently healthy group than in the at-risk group. 
This pattern suggests that existing CV risk factors may 
dampen the relationship between CRF and macrovascu-
lar function, underscoring the importance of maintaining 
CRF and vascular health before such risk factors emerge. 
Additionally, we also investigated the FMS response 
in a categorical way based on definitions recently sug-
gested by our group. When the FMS response was cat-
egorized as a whole (using trajectory-based modeling), 
an abnormally low FMS response remained significantly 
associated with reduced VO₂peak/kg and ppVO₂peak, 
reinforcing its clinical utility when used as a categorical 
risk marker.

Interestingly, despite these associations, we observed 
no statistically significant difference in FMS response 
between individuals with and without CV risk factors. 
While unexpected at first sight, this may be explained by 
the high proportion of the at-risk group receiving antihy-
pertensive and lipid-lowering therapies. Namely, around 
60% of the participants in the at-risk group was treated 
for hypertension and 30% were on beta-blockers, which 
may confound FMS results. Beta-blockers lower blood 
pressure and thereby mitigate the hemodynamic factors 
contributing to impaired vasoreactivity in hyperten-
sion. Third-generation beta-adrenergic antagonists addi-
tionally exhibit vasodilatory effects, mediated through 
enhanced nitric oxide bioavailability, alpha-1 recep-
tor blockade, or beta-3 receptor activation [32]. Agents 

such as nebivolol and carvedilol have been shown to 
preserve endothelial nitric oxide synthase (eNOS) func-
tion and exert antioxidant and antiproliferative actions 
[32]. A meta-analysis of 16 randomized controlled trials 
demonstrated that macrovascular function, measured as 
FMD was significantly improved by beta-blockers [33]. 
Similarly, a previous study by our research group demon-
strated a strong association between the intake of beta-
blockers and an enhanced brachial-radial FMS response 
[25]. Likewise, 40% of the at-risk group were prescribed 
statins, which are known to improve FMD indepen-
dently of its lipid-lowering effects, possibly by upregulat-
ing eNOS and reducing oxidative stress [34]. Therefore, 
the absence of between-group differences in FMS, along 
with the lack of unadjusted correlations between FMS 
and CRF in the at-risk group—but the emergence of sig-
nificant associations after adjusting for factors including 
medication use—likely reflects the protective vascular 
effects of pharmacological treatment, rather than indicat-
ing true physiological similarity between groups.

4.2  A Bidirectional Relationship Between CRF and 
Endothelial Function
Although our primary focus was on how macrovascu-
lar reactivity impacts CRF as a dependent variable, the 
relationship between CRF and macrovascular reactivity 
might be physiologically bidirectional, as described for 
endothelial function [30]. On the one hand, preserved 
endothelial function supports CRF by maintaining ade-
quate vasodilatory reserve and oxygen delivery during 
exercise. Nitric oxide, generated by endothelial nitric 
oxide synthase, facilitates dynamic blood flow adjust-
ments to active muscle tissue during activity. Impaired 
NO signalling in the context of endothelial dysfunc-
tion results in suboptimal tissue perfusion, delayed VO₂ 
kinetics, reduced exercise tolerance and early-onset 
fatigue [30, 35].

On the other hand, higher CRF promotes vascular 
health through chronic shear stress stimulation, which 
upregulates eNOS and enhances NO bioavailability, 
key to maintaining vasodilatory capacity [35]. Individu-
als with greater CRF also demonstrate lower levels of 
mitochondrial-derived reactive oxygen species (mtROS), 
preserving endothelial function by minimizing oxidative 
damage to NO pathways [36]. Additionally, individuals 
with high CRF show attenuated declines in endothelial 
function during stress or inflammation, suggesting a pro-
tective vascular phenotype [37].

4.3  Sex-Specific Differences
Women in our study demonstrated stronger and more 
consistent associations and correlations between FMS 
response and CRF compared to men, especially in 
the apparently healthy subgroup. Although several 
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physiological and molecular mechanisms, such as oestro-
gen‑enhanced eNOS activity and increased nitric oxide 
availability, are often proposed to explain sex differences, 
these acute hormonal influences are unlikely to account 
for our findings because most women in our cohort were 
postmenopausal [38, 39]. A more plausible interpretation 
is that long‑term oestrogen exposure before menopause 
may confer a vascular advantage that persists into early 
postmenopausal years [39]. However, intrinsic sex dif-
ferences in endothelial biology also exist independent 
of hormonal status [40], and current evidence does not 
clearly support the idea that prior oestrogen exposure 
alone would produce a stronger CRF–endothelial func-
tion relationship later in life. Recent findings from König-
stein et al. showed that VO₂peak‑stratified differences in 
FMD begin to diverge earlier in women (around age 30) 
than in men (around age 50), suggesting that improve-
ments in exercise capacity may exert more favourable 
effects on macrovascular function in women [16]. In 
addition, because women generally have lower absolute 
CRF than men, it might be possible that they experi-
ence proportionally greater vascular benefits for a given 
increase in CRF [41–43]. Incorporating sex-specific 
measures and thresholds into CV risk assessments, such 
as with FMS, may improve early detection of subclini-
cal vascular dysfunction and enable more personalized, 
effective CV risk stratification strategies [41].

4.4  Clinical Relevance
These findings suggest FMS could be a valuable, user-
friendly and non-invasive marker for CV risk stratifi-
cation in clinical and preventive settings. The strong 
association between FMS and CRF, especially in healthy 
individuals and women may enable the identification 
of early, subclinical CVD stages. Furthermore, given 
prior evidence that exercise interventions can improve 
both macrovascular reactivity and CRF [44], FMS may 
also serve as a responsive outcome measure in lifestyle 
intervention trials. The use of FMS-response categories 
based on reference limits or the full trajectory may facili-
tate straightforward evaluation of the FMS-response, 
especially since the association with CRF remained 
intact after categorizing. As individuals with a low FMS 
response demonstrated approximately 5–11% lower 
percentage-predicted VO₂peak, our findings further sup-
port the potential clinical utility of CRF as a modifiable 
target to preserve endothelial health and overall miti-
gate vascular dysfunction in populations at substantial 
CV risk. Future studies should examine the longitudinal 
interaction between CRF, CV risk factors and macrovas-
cular health, clarify underlying mechanisms, and deter-
mine whether CRF-enhancing interventions can prevent 
or reverse early impairments in macrovascular reactiv-
ity. Larger sex-stratified cohorts are essential to further 

elucidate sex-specific determinants of macrovascular 
responsiveness.

4.5  Limitations
The study’s cross-sectional design limits causal inference. 
Although multivariable models were used, residual con-
founding by unmeasured factors (e.g., diet, medication 
adherence) remains possible. While our cohort spanned 
a broad CV risk spectrum by integrating data from an 
observational (FLEMENGHO) and an interventional 
(PRIORITY) trial, it was predominantly composed of 
white Europeans. Furthermore, although our study 
included a substantial number of individuals with CV 
risk factors, the apparently healthy subgroup was rela-
tively small, which may have limited the statistical power 
to detect significant associations within this group when 
FMS was analysed categorically. Additionally, selection 
bias may have occurred, particularly within the PRIOR-
ITY trial, where participants with CV risk factors and a 
relatively more active lifestyle may have been more likely 
to participate than the general at-risk population. Finally, 
while brachial-radial FMS offers technical advantages, its 
reproducibility and standardization across various clini-
cal settings require further validation compared to estab-
lished markers like FMD.

5  Conclusions
In conclusion, our study supports a strong association 
between macrovascular reactivity, as assessed by bra-
chial-radial FMS and CRF across the CV risk spectrum. 
These associations were most pronounced in women and 
apparently healthy individuals without CV risk factors, 
emphasizing the importance of primary prevention to 
preserve CRF and macrovascular health before CV risk 
factors emerge. These findings contribute to the concept 
of a potentially bidirectional, modifiable relationship 
between FMS and CRF, and highlight FMS as a poten-
tially promising, scalable tool for CV risk stratification in 
primary prevention.
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