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Measures of arterial stiffness are indicators for cardiovas-
cular health and predictors of cardiovascular events. Arterial
stiffness is responsive to acute physiologic stressors such
as exercise. However, the acute effects of intensive exercise
and recovery on arterial stiffness are controversial. Thirty-
seven healthy middle- and long-distance runners (33 men,
mean age 26.5�6.6 years) underwent evaluation of their
cardiovascular stiffness at rest, after a 15-minute warm-up,
immediately after vigorous running 3 km at the pace of their
10-km personal best, and finally 30 minutes after terminat-
ing their workout. Peripheral and central systolic blood

pressure, as well as augmentation index and pulse wave
velocity (PWV), increased during exercise in comparison to
baseline (P<.001, general linear model). Thirty minutes after
terminating the workout, a drop in peripheral blood pressure
(P<.001), central blood pressure (P<.001), and PWV (P=.001)
below baseline was observed. Therefore, the authors found
that exercise of either moderate or vigorous intensity causes
a temporary increase in arterial stiffness in middle- and
long-distance runners. J Clin Hypertens (Greenwich).
2015;17:371–374. ª 2015 Wiley Periodicals, Inc.

Arterial compliance is the important ability of the
cardiovascular tree to expand and recoil in response to
cardiac load, allowing a steady and laminar blood
flow.1 Impaired arterial compliance measured as
increased central blood pressure (BP), augmentation
index (AIx), or pulse wave velocity (PWV) is associated
with the presence of cardiovascular risk factors and
atherosclerotic disease. Those parameters of arterial
stiffness have been identified as cardiovascular risk
factors and currently serve as predictors for cardiovas-
cular endpoints.2,3

The fact that exercise has beneficial effects on the
cardiovascular system and leads to a short-term reduc-
tion in peripheral BP after acute exercise is also well-
known.4,5 However, the effect of acute and chronic
exercise on arterial stiffness remains controversial.
Increase in arterial stiffness is reported after intensive
strength training.1,6 It remains uncertain whether resis-
tance exercise that alters regional muscles can affect
peripheral and central BP as well.7 Moreover, the
influence of acute aerobic exercise is controversial.8,9

In addition, in endurance-trained individuals, there are
inconsistent findings regarding the effects of intermittent
or constant aerobic exercise on arterial stiffness.10

Laurent and colleagues11 report on higher central
systolic BP and aortic stiffness in aerobically trained
individuals, which is in contrast to several other
studies12 that have shown beneficial effect. Moreover,
there also seem to be racial differences regarding the

response of arterial compliance to exercise13 as well as
differences in hypertensive and normotensive patients.14

In a recent study, Nieman and colleagues15 evaluated
the acute influence of a 2-hour run on the arterial
stiffness of trained runners and found no decrease in
arterial stiffness parameters after exercise in an entirely
male population. Therefore, this study evaluated the
acute effect of a vigorous 3000-m run on arterial
stiffness in healthy middle- and long-distance runners.

PATIENTS AND METHODS

Study Patients
Cardiovascular stiffness was tested in 37 healthy mid-
dle- and long-distance runners at rest (33 men, mean age
26.5�6.6 years). Characteristics of the study partici-
pants are displayed in Table I. All of the participants
were apparently healthy and free from acute or chronic
diseases. However, four participants exhibited a systolic
BP >140 mm Hg at rest after repeat measurements. In
those cases, the lowest value was included into statis-
tical analyses.
A second measurement was performed directly after a

15-minute aerobic warm-up and a third measurement
was taken directly after a vigorous 3000-m run.
The pace for the 3000 m of intensive running was set

equal to the individual 10-km performance pace (min/
km). For example, an individual with a seasonal
personal best of 30 minutes on 10 km was running
3000 m at a pace of 3 min/km and an individual with a
35-minute seasonal best at a pace of 3:30 min/km. This
guaranteed the same intensity according to the different
performance levels. Finally, after a 15-minute cool
down jog and another 10-minute rest in the sitting
position, a fourth measurement was conducted 30 min-
utes after termination of the intensive exercise (Fig-
ure 1).

Address for correspondence: Jan M€uller, PhD, Institute of Preventive
Pediatrics, Technische Universit€at M€unchen, Uptown M€unchen-Campus D,
Georg-Brauchle-Ring 60/62, 80992 M€unchen, Germany
E-mail: j.mueller@tum.de

Manuscript received: December 10, 2014; revised: January 23, 2015;
accepted: January 26, 2015
DOI: 10.1111/jch.12530

The Journal of Clinical Hypertension Vol 17 | No 5 | May 2015 371

ORIGINAL PAPER



The study was conducted in accordance with the
Declaration of Helsinki (revision 2008). Patients gave
written informed consent and agreed to the anonymous
publication of their data.

Measurement of Arterial Stiffness Parameters
BP and arterial stiffness parameters were initially assessed
in the supine position after 5 minutes of rest at the left
brachial artery with the oscillometric Mobil-O-Graph
device (IEM, Stolberg, Germany). Cuffs were chosen in
dependence of upper-arm circumference. For central
systolic pressure, calculationandothermeasuresof arterial
stiffness an integrated transfer function (ARCSolver algo-
rithm) was used.16,17 In comparison to invasive central
systolic pressure measurement and established radial
tonometry with inbuilt generalized transfer function, the
ARCSolver algorithm showed good agreement.16–18

The Mobil-O-Graph automatically computes periph-
eral systolicand diastolic BP and central systolic and
diastolic BP, AIx, and AIx at a heart rate of 75 beats per
minute (AIx@75) as well as PWV.

Data Analyses
All descriptive data were expressed as mean�standard
deviation. Arterial stiffness data at the four measuring

points were analyzed using a generalized linear model
with Bonferroni post-hoc test. Associations regarding
arterial stiffness, anthropometric data, and exercise
history were estimated using partial correlation to
control for cofounding age effects.

All analyses were performed using SPSS 21.0 software
(IBM Inc, Armonk, NY). P values <.05 in a two-sided
analysis were considered significant.

RESULTS
As seen in Table II and illustrated in Figure 2, there was
an increase in all parameters of arterial stiffness from
baseline to warm-up and also from warm-up to post-
exercise measurement, followed by a rapid decrease in
the recovery period (P<.001 for interaction effect
between groups [general linear model] and P<.05
between measurement point [Bonferroni post-hoc]).
Pressure waves according to the four measurement
points are available in the online supplement (Appendix
S1–S4).

Both central (P<.001; Bonferroni post-hoc) and
peripheral systolic (P<.001) BP as well as PWV
(P=.001) showed an augmented decrease below baseline
levels in the recovery period. AIx@75 (P=.295) returned
to baseline values 30 minutes after exercise.

After correction for age there was no association
regarding years of training and the 10-km seasonal best
time to peripheral or central BP, as well as AIx and
PWV at any of the four measuring points.

DISCUSSION
This study shows that running at both moderate or
vigorous intensity causes an increase in arterial stiffness
in middle- and long-distance runners. This increase is
only transient and returns to baseline shortly after
terminating exercise. Moreover, peripheral and central
BP even showed overproportional decline below baseline

FIGURE 1. Study protocol.

TABLE I. Study Participants

Mean�Standard

Deviation

Women/men 4/33

Age, y 26.5�6.6

Body height, cm 179.9�7.1

Body weight, kg 66.3�6.5

Body mass index, m2/kg 20.5�1.2

Years of training 10.5�7.4

10-km season best, min 33:20�2:55
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level during the recovery period.However, no association
of measures of arterial stiffness to years of training or
fitness level could be observed.
It is widely reported that aerobic exercise has bene-

ficial effects on arterial stiffness4,19–22 and that vigorous
exercise seems to be a key element for maintaining
arterial compliance in the long-term21 because of an
increase in parasympathetic activity and improvement
of endothelial function as a result of enhanced arterial
shear stress.21,23 Contrary, acute exercise, either resis-
tance or endurance, leads to a transient increase in
arterial stiffness.15,24

In our study there was a significant increase in all
measured stiffness parameters after an aerobic warm-up
and a further severe increase following a vigorous 3000-
m running workout. These results were comparable to
those of Nieman and colleagues,15 who also measured
increased AIx in men and increased PWV in their female
participants after 2 hours of running. However, the
population in their study was small, at eight partici-
pants per sex. The results suggest that aerobic running
for 2 hours or vigorous running for approximately
10 minutes has the same altering effects on arterial
stiffness.

However, in the recovery period there was an
augmented decrease in peripheral and central BP as
well as in PWV below baseline levels, thus confirming
several findings by Nieman and colleagues15 regarding
the transient effects of stiffening under exercise and their
effects on stiffness and wave reflection parameters
during recovery. However, the explanatory power of
their study suffered from the small population size and
inability to derive significant results.
In their marathon study, Vlachopoulos and col-

leagues24 also measured a drop below baseline in
peripheral and central BP. Albeit, in contrast to our
findings, there was no deviation in PWV from baseline
to post-exercise, while AIx@75 decreased. A possible
explanation for this could be the different measurement
not directly but 10 to 15 minutes after finishing the
workout or that long-distance runners may, in fact,
show different alterations as a result of the cardiovas-
cular system experiencing other adaptions to different
or longer exercise. However, we could not show
associations between years of training or running
performance to measures of arterial stiffness at baseline
or the course during exercise and recovery.
Finally, a similar decrease in central systolic BP was

also reported in the study by Yan and colleagues.13

These effects were present only in Caucasian partici-
pants and a decrease in AIx@75 after exercise was
observed only in Caucasian women. This suggests a
race- and sex-specific response to exercise that should be
given special attention in further studies. Moreover,
Gkaliagkousi and colleagues14 outline that central
hemodynamics differ with regard to exercise in hyper-
tensive and normotensive patients. There are also fewer
data available on the hemodynamic response to exercise
in hypertensive patients and the interaction with anti-
hypertensive drugs.

STUDY LIMITATIONS
This study investigated exercise-related arterial compli-
ance in highly trained athletes; therefore, arterial com-
pliance with regard to exercise might be different in
people with sedentary lifestyles. This question should be
addressed in further studies. In addition, we used a
different measurement device compared with other
studies, perhaps causing possible bias regarding the
absolute values of the measurements. However, we do

TABLE II. Measures of Arterial Stiffness According to the Four Measuring Points

Baseline Warm-Up Directly After Exercise Recovery P Valuea

Peripheral systolic BP, mm Hg 129�12 137�11 161�17 120�10 <.001

Peripheral diastolic BP, mm Hg 79�7 85�7 88�9 79�8 <.001

Central systolic BP, mm Hg 112�10 118�10 139�16 105�9 <.001

Central diastolic BP, mm Hg 81�8 87�8 90�9 80�8 <.001

AIx at a heart rate of 75

beats per min, %

8�8 16�9 34�12 11�8 <.001

Pulse wave velocity, m/s 5.4�0.6 5.7�0.6 6.5�0.8 5.2�0.6 <.001

Abbreviations: AIx, augmentation index; BP, blood pressure. aOne-way analysis of variance for repeated measurement.

FIGURE 2. Peripheral and central systolic blood pressure
according to the different time points. The dashed lines represent
the baseline levels for central and peripheral blood pressure.
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not believe this affected the results as the repeated
measurements in our study design were all conducted in
a consistent manner.

CONCLUSIONS
These findings provide a better understanding of
cardiovascular performance during different types of
exercise conditions to determine cardiovascular risk
during exercise. Further research is needed that
focuses on the dose response of volume and inten-
sity of exercise on arterial stiffness and wave
reflection.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:

Appendix S1. Baseline.
Appendix S2. Warm-up.
Appendix S3. Peak exercise.
Appendix S4. Recovery.
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