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Abstract
Purpose Augmented central arterial stiffness (CAS) increases cardiovascular risk. CAS can be augmented by physical exer-
cise and sympathetic activation (SYMP) induced by stressful stimuli. Interestingly, sympathetic vasoconstriction triggered by 
a sympathetic stimulant is augmented immediately after a strenuous half-marathon compared to at rest. This study assessed 
whether CAS also augments more post- than pre-half-marathon in response to SYMP. Such assessment takes on relevance 
considering the growing popularity of strenuous, long-distance endurance exercises.
Methods 13 healthy recreational runners (age 46.1 ± 6.5 years; V ′

O
2
max 54.23 ± 9.31  mlO2/min/kg) provided the follow-

ing measurements prior to and within 10 min following a strenuous half-marathon: beat-by-beat aortic pulse wave velocity 
(aPWV; index of CAS), mean blood pressure, and heart rate assessment. Measures were performed at rest and during a 
2 min handgrip-mediated SYMP. The effects of the half-marathon and SYMP were assessed by two-way repeated-measures 
ANOVA.
Results Measurements of the aPWV pre- and post-race were not significantly different (7.5 ± 0.8 vs 7.8 ± 0.8 m/s, p = 0.34; 
pre- vs post-race). 2 min of SYMP increased the baseline aPWV post-race (7.8 ± 0.8 vs 8.4 ± 0.8, p = 0.003; rest vs SYMP) 
but not pre-race (7.5 ± 0.8 vs 7.9 ± 0.9, p = 0.21).
Conclusion The baseline aPWV assessed 7 to 8 min after a strenuous half-marathon is similar to that pre-race in healthy 
runners. This agrees with previous studies suggesting CAS being at or below resting values > 5 min following completion 
of aerobic exercises. The same sympathetic stressor augments CAS to a greater extent 8–10 min post-race than pre-race, 
suggesting a greater post-exercise stiffening of central artery segments triggered by the same task.
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Introduction

The aortic pulse wave velocity (aPWV) is a reliable indicator 
of aortic stiffness and an independent predictor of cardiovas-
cular mortality [1]. Its evaluation has gained interest in clinical 
practice as it can be performed quickly and noninvasively with 

various techniques and devices [2, 3]. Numerous cut-off limits 
have been suggested to score the cardiovascular risk accord-
ing to the subjects’ features [4, 5]. This index is of particular 
relevance for professionals involved in sports medicine, as sug-
gested by the impressive amount of research performed in the 
last few years on the effects of the sympathetic nervous sys-
tem on arterial stiffness [6], as well as on the effects of acute 
and chronic physical exercises on arterial stiffness in healthy 
and unhealthy individuals [7, 8]. The interest is understand-
ing whether the stiffness of arterial segments reached in the 
presence of haemodynamic conditions altered by sympathetic 
activation and physical exercise may have health implications. 
However, the effects of the interaction between acute sympa-
thetic activation and physical exercise on arterial stiffness have 
not yet been investigated.

Augmented central arterial stiffness (CAS) increases the 
cardiac afterload, blood pressure, and pulse pressure, which 
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thereby augments the risk of acute cardiovascular events 
regardless of the known disease [9–13]. Augmented CAS 
after exercise increases cardiac work and myocardial oxygen 
demand [14]. Concurrently, the higher heart rate reduces the 
diastolic duration which, along with augmented cardiac after-
load, can impair coronary perfusion. Augmented CAS after 
exercise can also promote the formation of embolisms and 
rupture of atherosclerotic plaques and aneurysms in central 
arterial segments due to large and abrupt changes in blood 
pressure, increased circulating blood catecholamines, and 
vasomotor oscillations [9]. Increased sympathetic outflow 
to the heart and blood vessels can further enhance the risk 
for acute cardiovascular events by augmenting CAS [15, 16]. 
Since baroreceptors are located in central arterial segments, 
augmented CAS can result in lower artery wall deformation 
during blood pressure changes. This may lower the barorecep-
tor stretching and sensitivity [9, 17] and further increase the 
sympathetic outflow and circulating catecholamine levels [9, 
11, 12].

We have previously shown that sympathetic vasoconstric-
tion in response to acute sympathetic activation (SYMP) 
triggered by the same handgrip exercise may be augmented 
immediately after a half-marathon race compared to at rest 
[18]. Indeed, the normal mean vasodilation after a maneuver 
causing rapid vasodilation of the leg was reduced by SYMP 
within 15 min after a half-marathon, whereas it was unaltered 
before the race. As such, augmented post-exercise sympathetic 
vasoconstriction in response to the same external stimulus may 
also increase CAS to a greater extent after a half-marathon 
race compared to pre-race. Such evaluation takes on relevance, 
since half-marathon races have gained the most popularity out 
of all long-distance races within the last few years [19]. This 
study assessed whether the effects of the same external stimu-
lus capable of activating the sympathetic nervous system on 
the aPWV, as index of CAS, are augmented immediately after 
a half-marathon compared to before. It is hypothesized that 
the same external task will increase the baseline aPWV to a 
greater extent post-race than pre-race.

Methods

Subjects

We assessed the aPWV in 13 competitive runners (3 
females and 10 males; age 46.1 ± 6.5 year; V ′

O
2
max 

54.23 ± 9.31  mLO2  min−1  kg−1; 277 ± 32 min of running 
training/week) prior to and within 10 min following a 
strenuous half-marathon race. This was performed at rest 
and during acute SYMP induced by handgrip exercise. The 
sample size was calculated with a priori power analysis 
(GPower 3.1.9.7; Universität Düsseldorf, Germany) for 
an F test (ANOVA, repeated measures, within-factors), 

partial eta squared of 0.18 [18], statistical power (1 − β) 
of 0.80, level of significance of 0.05, suggesting the need 
for 12 individuals. Additionally, augmented sympathetic 
vasoconstriction post-half-marathon compared to at rest 
in response to handgrip-mediated SYMP was found with 
a sample size of 11 individuals [18]. Inclusion criteria 
consisted of the absence of muscle-skeletal, metabolic, 
and cardiopulmonary disease, and at least 4 year half-
marathon racing experience. This last requirement was 
essential to guarantee that the race was run at maximum 
effort. Exclusion criteria consisted of a BMI ≥ 25 kg/m2, 
diabetes mellitus, hypertensive disorders or any metabolic 
or neuromuscular chronic condition, and use of any drug 
that alters neural cardiovascular control. Runners were 
asked to abstain from alcoholic and caffeine-rich bever-
ages and any kind of training during the 24 h leading up 
to the tests. Data were collected in the Cardiovascular 
Physiology Lab, School of Sports Science, University of 
Verona. The environmental temperature was controlled 
and set at 22 °C. The half-marathon was organized in 
Verona. The finish line was located approximately 30 m 
from our Cardiovascular Physiology Lab. This study was 
directed under the rules outlined in the Declaration of 
Helsinki. The Internal Review Board of the Department 
of Neurological, Biomedical, and Movement Sciences of 
the University of Verona approved all procedures involv-
ing human subjects (165,038). Each participant provided 
written, informed consent prior to assessment.

Aortic stiffness assessment

Participants performed two maximal handgrip (Saehan 
SH5001, Germany) contractions with their left hand to 
determine their maximum voluntary contraction (MVC). 
All participants were right-handed. Each contraction 
lasted about 3 s and was separated by 4 min of rest. Pre-
race aPWV measures were performed 1 h after the MVC 
assessment and 3 h before the race start. Participants were 
sitting and prepared with a beat-by-beat finger blood pres-
sure monitoring system (Finapres Medical System BV, 
The Netherlands) properly calibrated on the second pha-
lanx of the right hand to assess the mean arterial pressure 
(MAP) and heart rate (HR). The finger photoplethysmo-
graphic signal (FPS) of Finapres was collected at 1 kHz 
with an analog-to-digital converter (ESP32, AZDelivery, 
Germany) and analyzed to calculate the aPWV (details 
below). A 1 min baseline FPS recording was collected 
pre-race to assess the baseline aPWV at rest. Subsequently, 
subjects completed a 2 min static overhead handgrip exer-
cise at 30% of MVC with their left hand to acutely activate 
the sympathetic nervous system [18, 20–23]. Recording 
of FPS during the handgrip exercise was used to assess 
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the pre-race aPWV during SYMP. The post-race aPWV 
was assessed within 10 min following completion of the 
race repeating the procedures performed pre-race. Spe-
cifically, the post-race baseline aPWV was assessed from 
minute 7 to 8 after the race, whereas the post-race aPWV 
during SYMP was assessed from minute 8 to 10 after the 
race. The exercising forearm was elevated 50 cm above the 
heart to augment the sympathetic activation during hand-
grip exercise compared to the same exercise performed at 
heart level [20]. Participants were told to attempt the race 
with their maximum commitment and, upon reaching the 
finish line, the rate of perceived exertion was assessed with 
the Borg CR100 scale.

Aortic pulse wave velocity calculation

We employed a novel technique to assess the aPWV by 
processing the finger photoplethysmographic signal (FPS). 
The full procedure is described in detail in the paper of Pilt 
et al. [24]. The FPS was processed via software (MatLab, 
MathWorks, USA). This method applies the oscillometric 
working principle developed for the Arteriograph device 
(TensioMed Kft, Budapest, Hungary) to the FPS. This algo-
rithm determines the time elapsed between the first wave 
ejected from the left ventricle into the aortic root and its 
reflection from the aortic bifurcation as the second systolic 
wave [25] to derive the aortic pulse transit time from the left 
ventricle outflow tract to the aortic bifurcation. The aortic 
pulse transit time was determined by calculating the time 
elapsed from the first zero-crossing point on the first-order 
FPS derivative to, if visible, the third zero-crossing point on 
the first-order FPS derivative. If the latter was not visible, 
the aortic pulse transit time was determined from the first 
zero-crossing point on the first-order FPS derivative to the 
second valley of the second-order FPS derivative. The pulse 
transit distance was measured from the sternal notch to the 
pubic symphysis. The aPWV was finally calculated as transit 
distance divided by aortic pulse transit time.

Test–retest aPWV measurement repetitiveness

In a preliminary analysis, a 1 min baseline finger photo-
plethysmographic signal (FPS) recording was collected 
after 10 min of rest. Then, a different operator removed and 
replaced the Finapres cuff on the subjects’ fingers. Another 
1 min baseline FPS signal was collected to be compared to 
the previous one.

Data analysis and statistics

The mean ± SD of aPWV, MAP, and HR were obtained at 
rest, as well as 1  (SYMP1 min, 45–75 s after SYMP) and 

2 min  (SYMP2 min, 105–135 s after SYMP) following SYMP. 
Test-retest repetitiveness was assessed through Bland Alt-
man plots. Post-race Borg CR100 scores were further cal-
culated as mean ± SD and expressed in arbitrary units (AU). 
Data normality was evaluated by Shapiro–wilk test. The 
half-marathon and SYMP effects on aPWV, MAP, and HR 
were assessed by two-way repeated-measures ANOVA (after 
vs before the race; at rest vs  SYMP1 min vs  SYMP2 min) with 
Sidak posthoc test at p < 0.05. GraphPad Prism 8 (GraphPad 
Software, San Diego, United States) was used for statistical 
analysis and graphs.

Results

All runners successfully completed the race. The race 
conclusion time was 96.19 ± 12.41  min. The race day 
was cloudy with an average temperature of 14.5 °C and a 
humidity reading between 60 and 79%. Ending values of the 
BORG CR100 score were 88.52 ± 8.54 AU. Repetitiveness 
results of the technique are shown in Fig. 1. The bias of the 
technique was 0.022 m/s, the standard deviation of bias was 
0.158 m/s, and the limits of agreement were from −0.29 to 
0.33 m/s. ANOVA suggested an effect of the half-marathon 
(p < 0.036, F > 3.8) and SYMP (p < 0.02, F > 3.5) on the 
aPWV (p = 0.039, F = 5.3 and p = 0.0025, F = 9.2, respec-
tively) and HR (p < 0.0001, F = 120 and p = 0.014, F = 5.4, 
respectively). MAP was affected by SYMP (p < 0.0001, 
F = 8.4) but was not affected by the half-marathon (p = 0.41). 
ANOVA further suggested SYMP x half-marathon inter-
action for aPWV (p = 0.0069, F = 6.4), MAP (p < 0.001, 
F = 16.9) and HR (p < 0.001, F = 14.5).

When comparing post to pre-race, the aPWV was similar 
at rest and at  SYMP1min, but higher at  SYMP2min. The pre-
race aPWV did not increase during SYMP, whereas the post-
race aPWV increased after 2 min of SYMP. The MAP was 
similar between post and pre-race data at rest, at  SYMP1min 
at  SYMP2min and consistently increased during SYMP. 
The post-race HR was higher at rest, at  SYMP1min and at 
 SYMP2min compared to pre-race and consistently increased 
during SYMP in both before and after the race measure-
ments. Data are reported in Table 1 and Fig. 2.

Discussion

The primary goal of our study was to evaluate whether the 
baseline aPWV, a surrogate index of the aortic stiffness and 
CAS, increases to a greater degree post-race than pre-race in 
response to the same external task capable of activating the 
sympathetic nervous system. Therefore, it was investigated 
whether the effects of the half-marathon race change the 
physiological effects induced by the same external stimulus 



1442 Sport Sciences for Health (2022) 18:1439–1447

1 3

on the aPWV. We employed a novel technique to measure 
the aPWV by processing the finger photoplethysmographic 
signal as previously indicated [24]. This algorithm provides 
the aortic pulse transit time from the left ventricle to the 
aortic bifurcation. The aPWV is then calculated as pulse 
transit distance divided by pulse transit time. This technique 
displays high repeatability as shown by the small bias of 
0.022 m/s we found in our test-retest analysis. Our data 
show that 2 min of SYMP did not affect the pre-race base-
line aPWV but significantly augmented the post-race one. 
Therefore, the same external stimulus appeared to increase 
the stiffness of the central arterial segments post-race but not 
pre-race. The baseline aPWV measured 7 to 8 min after the 
half-marathon conclusion was statistically similar (p = 0.09) 
when compared to pre-race resting values. According to the 
BORG CR100 scale, the overall score of about 88 AU dis-
plays a race effort between very and extremely strong.

Pre‑exercise resting aPWV

Previous research has questioned whether increased CAS 
at rest may be a health risk factor [9–12]. Therefore, cut-
off values of pulse wave velocity to score the cardiovascu-
lar risk have been proposed [5]. A previous meta-analysis 
suggested an increase in the relative risk for cardiovascular 
disease events and mortality by 12% and 9%, respectively, 
for a chronic increase in cf-PWV of 1 m/s [27]. Chronic 
endurance training induces anatomical vascular remod-
eling and changes in neurovascular regulation [28, 29]. It 
increases the artery diameter, decreases the artery thickness, 
and changes the artery viscoelastic properties by changing 
the gene expression of structural proteins [28, 29]. Positive 
effects of chronic endurance training on vascular health have 
been shown by increasing artery flow-mediated vasodila-
tion, an important index of coronary artery disease [30]. 
Regular endurance exercise at low or moderate intensity 
has also been shown to decrease central arterial stiffness as 
evidenced by a decrease in cf-PWV [31]. CAS diminishes 
in individuals who undergo recreational endurance training 
sessions at low or moderate intensity compared to sedentary 
individuals, but it can increase again in competitive long-dis-
tance athletes due to the higher endurance exercise level [9]. 
Indeed, strong elevations in systolic arterial pressure (SAP) 

Fig. 1  aPWV assessment at rest before and after removing and 
replacing the finapres cuff on the subjects’ finger

Table 1  The table reports the aPWV, MAP, and HR before and after 
the race, at rest as well as after 1 and 2 min of SYMP

aPWV (m/s) Pre-race Post-race Pre- vs Post-race

Rest 7.5 ± 0.8 7.8 ± 0.8 p = 0.34
SYMP1min 7.7 ± 0.9 8.1 ± 1.1 p = 0.42
SYMP2min 7.9 ± 0.9 8.4 ± 0.8 p = 0.03
Rest vs  SYMP1min p = 0.63 p = 0.28 –
Rest vs  SYMP2min p = 0.21 p < 0.01 –
SYMP1min vs 

 SYMP2min

p = 0.47 p = 0.41 –

MAP (mmHg)
Rest 94.6 ± 13.6 88.5 ± 12.3 p = 0.43
SYMP1min 106.4 ± 14.9 100.8 ± 14.8 p = 0.80
SYMP2min 110.4 ± 12.3 108.6 ± 18.7 p = 0.98
Rest vs  SYMP1min p < 0.01 P = 0.001 –
Rest vs  SYMP2min p < 0.01 p < 0.001 –
SYMP1min vs 

 SYMP2min

p = 0.17 p = 0.01 –

HR (bpm)
Rest 67.5 ± 6.9 93.5 ± 8.2 p < 0.0001
SYMP1min 72.8 ± 7.2 96.9 ± 7.6 p < 0.0001
SYMP2min 70.7 ± 9.5 99.8 ± 10.4 p < 0.0001
Rest vs  SYMP1min p < 0.001 p < 0.001 –
Rest vs  SYMP2min p = 0.01 p < 0.001 –
SYMP1min vs 

 SYMP2min

p = 0.11 p = 0.02 –
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during physical exercise have been suggested to overload 
the viscoelastic tissue of the arterial walls and to modify 
the arterial structure if repeated chronically [32]. Such a 
condition is also typical of resistance exercise. Indeed, a 
study found a decreased carotid arterial compliance after 
chronic resistance training at high intensity, but not at low 
intensity, which was associated with the acute change in 
SAP during exercise sessions [33]. The chronic repetition 
of strenuous endurance exercise sessions has also been 
shown to contribute to endothelial dysfunction and vascular 
inflammation, inducing an oxidative vascular environment 
as a large production of reactive oxygen species overpowers 
the nitric oxide production [34, 35]. Whether the chronic 
repetition of strenuous training and races might negatively 
affect the CAS in competitive endurance athletes has thus 
been questioned. The pre-race aPWV by about 7.5 m/s we 
found in our runners is within the limits (6–10 m/s) sug-
gested for healthy individuals between 24 and 62 years old 
[5]. This suggests that the repetition of strenuous exercises 
competitive half-marathon runners undergo do not result in 
out-of-limit augmented CAS. It is relevant to mention that 
any possible augmented aPWV in competitive endurance 
runners compared to other populations may not necessarily 
be linked to increased cardiovascular risk. Competitive run-
ners might present increased resting aPWV values compared 
to other populations, but be totally healthy. Such a condi-
tion could, however, categorize them as individuals at higher 
cardiovascular risk after preliminary aPWV screening tests.

Effect of a strenuous half‑marathon on the aPWV

Our data show that the post-race baseline aPWV assessed 
7 to 8 min after the half-marathon was similar to that pre-
race. This finding is in agreement with previous studies sug-
gesting CAS be at or below resting values > 5 min after the 
conclusion of submaximal aerobic exercises [7]. Conversely, 
resistance exercise has been shown to induce long-lasting 
CAS increases after the exercise conclusion [8, 13, 33, 36]. 
Interestingly, our finding reveals an exercise intensity-inde-
pendent effect on the post-exercise aPWV. This might be due 
to the similar post- and pre-race MAPs. Indeed, any MAP 
increase would stretch arterial vessels and increase their 
stiffness, and vice versa, due to the blood pressure depend-
ence of the stress-strain relationship [37]. In accordance with 
these findings, previous studies showed that post-exercise 
decrements of aPWV were associated with lower MAP dur-
ing the recovery [38].

Effect of SYMP on the aPWV

It was investigated whether the effects of the half-marathon 
race change the physiological effects on CAS induced by 
the same external task capable of activating the sympathetic 

Fig. 2  The aPWV, MAP and HR changes at rest as well as after 1 
and 2 min of SYMP, before and after a strenuous half-marathon race.  
(* p < 0.05 post- vs pre-race; # p < 0.05 rest vs  SYMP1min vs 
 SYMP2min)
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nervous system. The handgrip exercise was shown to reli-
ably increase the muscle sympathetic nerve activity and 
peripheral resistances as confirmed by the large availability 
of microneurography recordings [20–22]. Raising the exer-
cising forearm above the heart augments the normal sym-
pathetic activation in response to handgrip exercise com-
pared to the same exercise performed at heart level [20]. 
Consistent with previous investigations [20, 22], SYMP 
progressively increased MAP ad HR over time before physi-
cal exercise. Such responses were also noted after the half-
marathon. SYMP did not affect the aPWV before the race. 
Whether the sympathetic outflow can modulate the stiffness 
of elastic large arteries at rest has not yet been well defined. 
Lower body negative pressure mediated SYMP did not alter 
the compliance of the distal abdominal aorta [15] or carotid 
artery [16]. However, this result might be due to the central 
MAP drop needed to unload baroreceptors [37]. In con-
trast to our results, another study using a similar handgrip 
exercise to induce SYMP increased the aPWV at rest [39]. 
However, in that study, the stimulus was applied for twice 
the time than it had been in ours. This suggests that a similar 
sympathetic stimulant may increase the CAS at rest but the 
stressful situation must be longer lasting.

Two minutes of SYMP significantly augmented the post-
race baseline aPWV, but did not affect the pre-race baseline 
aPWV. Therefore, the same external stimulus augmented 
the baseline stiffness of the central arterial segments post-
exercise but not pre-exercise. We have previously shown 
that peripheral sympathetic vasoconstriction is augmented 
within 15 min after a half-marathon by specifically using the 
same handgrip exercise, modality, and timing of stimulus 
application we employed in the present study [18]. Although 
defining the underlying mechanisms is beyond the scope of 
this project, previous studies showed the preeminent role for 
the sympathetic nervous system in constricting the vascu-
lar tissue immediately after endurance exercise than at rest 
through a mechanism mediated by α1‐adrenergic activity 
[40, 41]. Furthermore, there might be a synergistic effect 
of augmented circulating blood catecholamines [42] on the 
effects of handgrip exercise after a half-marathon. Moreover, 
the same handgrip workload may correspond to a higher per-
centage of MVC after the race compared to pre-race due to 
fatigue [43]. However, the same handgrip exercise intensity 
was shown to induce less MSNA > 60 min after a prolonged 
endurance exercise compared to before exercise [44], but 
MSNA recordings immediately (< 15 min) after prolonged 
endurance exercise are not available due to methodological 
limits.

Practical implications

Specialists involved in sports medicine must carefully evalu-
ate the effects of exercises before suggesting them to their 

athletes, particularly in at-risk individuals [7]. We primarily 
sought to assess whether the effects of the same external task 
capable of activating the sympathetic nervous system on the 
stiffness of central artery segments are augmented after the 
conclusion on a half-marathon race compared to before the 
race. A wide variety of stressful stimuli can acutely activate 
the sympathetic nervous system, including mental stress and 
emotions [45]. Our data show that the same stressful stimu-
lus augments the baseline stiffness of the central arterial 
segments post-exercise but not pre-exercise. As mentioned 
in the introduction, an increase in CAS can augment cardiac 
work and oxygen consumption [14]. Following the conclu-
sion of physical exercise, this condition occurs in the pres-
ence of a reduced diastolic time that may impair coronary 
perfusion. Unfortunately, there is currently no information 
to adequately score the impact of a temporary CAS incre-
ment on the risk for acute cardiovascular events. However, 
this finding reveals the need for further investigations into 
the interaction effects between physical exercise and sym-
pathetic activation on cardiovascular risk. Furthermore, it 
was unknown if and how CAS changes after a strenuous 
half-marathon race. This issue is relevant considering that 
the half-marathon has gained the most popularity out of all 
long-distance races in terms of number of participants [19]. 
Our findings reveal that a half-marathon race affects the 
CAS similarly as aerobic exercises at lower intensities do.

Limitations

The technique we employed to assess the aPWV was the 
most suitable method for the goals of our study, but not the 
gold-standard method. The gold-standard cf-PWV assess-
ment requires two different measurements in the carotid 
and femoral arteries at two separate time points [46]. This 
method would not allow an appropriate aPWV assessment 
during SYMP due to the progressive cardiovascular changes 
over time [22, 47]. Conversely, the method we employed 
allows the aPWV assessment beat-by-beat and with a sin-
gle site measurement. Moreover, the method we employed 
shows high repeatability during test-retest measures 
compared to other techniques [48]. This study has evalu-
ated absolute values of aPWV reached in the presence of 
haemodynamics altered by sympathetic activation and physi-
cal exercise. The interest was investigating the stiffness of 
central arterial segments reached in the presence of such 
haemodynamic conditions. Our study was not intended to 
investigate how the arterial viscoelastic structure would be 
in the presence of similar resting haemodynamic conditions, 
as it is done for other purposes such as evaluating the chronic 
effects of exercise training or pharmacological therapy on 
arterial stiffness at rest. In the present study, we specifically 
used 2 min of handgrip exercise at 30% MVC as sympathetic 
stimulant. We employed the same methodology we used in 
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our previous study that led to increased sympathetic vaso-
constriction after a half-marathon race within 2 min from 
the stimulus application [18]. The use of other sympathetic 
stimulants, modalities, or timing of stimulus application is 
possible but may not guarantee an increased post-race sym-
pathetic vasoconstriction within 2 min from application and 
the same effects on the aPWV we found in this study [26]. 
Previous research has shown sex differences in arterial stiff-
ness following running exercise [49]. In this regard, our sam-
ple size was not equally divided between males and females. 
Finally, race-related stress in the pre-race period could have 
occurred in runners and affected the aPWV. However, we 
scrupulously followed the aPWV measurement guidelines 
to obtain the measure in the most basal conditions possible 
avoiding external interferences.

Conclusions

Two minutes of SYMP significantly augmented the post-
race baseline aPWV, but did not affect the pre-race baseline 
aPWV. Therefore, the same external stimulus augmented 
the baseline stiffness of the central arterial segments post-
exercise but not pre-exercise. The post-race baseline aPWV 
assessed 7 to 8 min after the half-marathon conclusion was 
similar to the pre-race baseline aPWV. This is in agreement 
with previous studies which suggest that CAS be at or below 
resting values > 5 min following completion of aerobic exer-
cises. This data reveal the need for further investigations 
into the interaction between endurance exercise and stressful 
stimuli on cardiovascular risk.
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