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BACKGROUND

Whether arterial stiffness (AS) can be improved by regular exercise in
healthy individuals remains equivocal according to cross-sectional
and longitudinal studies assessing arterial properties at discrete time
points. The purpose of the present study was to pinpoint the time
course of training-induced adaptations in central AS.

METHODS

Aorta characteristic impedance (Z) and carotid distensibility (CD)
were determined with ultrasonography prior to (week 0) and across
8 weeks (weeks 2, 4, and 8) of supervised endurance training (ET)
(3 x 60 minutes cycle ergometry sessions per week), in 9 previously
untrained healthy normotensive adults (27 + 4 years) with no his-
tory of cardiovascular disease. Exercise capacity was assessed by
maximal oxygen consumption (VO,,,) elicited by incremental
ergometry.

Arterial distensibility, and its opposite arterial stiffness
(AS), characterize the capacity of an artery to expand/
recoil in response to changes in blood pressure and
strongly predict cardiovascular disease and mortality when
assessed in central elastic arteries.! Accumulating evi-
dence indicates that aortic and carotid distensibility (CD)
are generally improved by regular exercise, particularly
endurance training (ET), in aged and/or diseased individ-
uals.>® Whether ET can further enhance the distensibil-
ity of intact and thoroughly functional (i.e., healthy) large
elastic arteries remains uncertain.’¢ In this regard, a land-
mark cross-sectional study reported similar CD in young
endurance-trained compared with sedentary age-matched
individuals,® suggesting the presence of a “ceiling” effect.
However, few longitudinal studies have described variable
central arterial distensile properties following short-term
(up to 8-week) ET in healthy young individuals.* One
possible explanation for disparate cross-sectional and lon-
gitudinal findings relates to the potential time-dependent
adaptation of arterial distensibility to ET, akin to the estab-
lished oscillating status of vasodilator function during

RESULTS

VO, increased throughout the ET intervention (+12% from week 0 to
week 8, P<0.001, Pfor linear trend <0.001). Systolic blood pressure rose with
ET (+7% from week 0 to week 8, P=0.019, P for linear trend <0.001). Aorta Z,
augmented from week 0 to week 8 of ET in all individuals (+38%, P = 0.003,
P for linear trend = 0.002). CD did not significantly differ among time points
(P=0.196) although a linear decreasing trend was detected (P =0.016).

CONCLUSIONS

Central AS augments during a conventional ET intervention that effec-
tively enhances aerobic exercise capacity in young individuals. This
suggests that normal, healthy elastic arteries are not amendable to
improvement unless impairment is present.
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the initial month of ET in humans, whereupon vascular
adaptations tend to stabilize after 6 weeks.” To our knowl-
edge, the time course of ET-induced phenotypic modifica-
tions in arterial distensibility has not yet been addressed.
Therefore, we sought to determine AS in aorta and carotid
arteries prior to and through 8 weeks (weeks 2, 4, and 8) of
a supervised ET intervention, known to elicit extensive
central circulatory adaptations, in previously untrained
healthy individuals.®

METHODS
Study subjects

Nine healthy, previously untrained individuals (5 males, 4
females; age = 26.7 + 4.4 years; body surface area = 1.8 £ 0.2
m?) were recruited to participate in the study. All individuals
were normotensive, medication free, presented normal elec-
trocardiogram, and no history of cardiovascular disease. The
study was approved by the local Ethical Committee (KEK-
ZH-Nr. 2015-0453) and conducted in accordance with
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the declaration of Helsinki. Prior to the start of the study,
informed oral and written consents were obtained from all
participants. A parallel investigation from this cohort has
been published.’

Experimental design

Assessments were performed after fasting overnight in a
quiet room with controlled temperature (22-24 °C), prior to
(week 0) and across 8 weeks of ET (at weeks 2, 4, and 8). In
order to limit the influence of lifestyle confounders, all indi-
viduals slept in our laboratory and were monitored from the
night before each testing day, which was scheduled at least
48 hours following the last training session to attenuate the
acute effects of exercise.

Experimental measures

Arterial stiffness (AS). All measurements commenced
after 10 minutes of supine rest and were executed by the
same operator at a similar day time (between 6 AM and 7 Am)
with the subject placed in the supine position. Characteristic
impedance (Z), an intrinsic marker of AS, was determined
by the ratio of pulse pressure and forward peak blood flow
velocity measured at the proximal descending aorta with
duplex ultrasonography (Mindray M7, China), conforming
to the water hammer equation.!” This measurement does
not exclude the effects of wave reflection, thus it might also
comprise AS elements contributing to the augmentation
pressure. Aortic reverse peak blood flow velocity/forward
peak blood flow velocity ratio (aortic R/F ratio) was also
calculated.!! CD was assessed by means of high-resolution
ultrasonography equipped with a 7 MHz linear array probe
(Mindray M7) in the right common carotid artery accord-
ing to established guidelines.!® CD was determined using the
following formula:

CD = (Csdiam - CDdiam ) / ((SBP - DBP) X CDdiam )

Where Cgy,m @and Cpyian are carotid systolic and diastolic
diameters, while SBP and DBP are systolic and diastolic
blood pressures, respectively. Heart rate and brachial blood
pressure were measured on the left arm with an automated
system (Dinamap, GE Medical Systems).

Maximal oxygen consumption (VO2max). Maximal
oxygen consumption (VO,,,.) was determined using cycle
ergometry (Monark E839, Sweden) with continuous meas-
urements of VO, through an online gas collection system
(Innocor M400, Innovision, Denmark). The test started
with a warm-up period of 5 minutes at a workload of
50-75 W, followed by 5 minutes at 100-130 W. Thereafter,
the workload was increased by 25 W every minute until
voluntary exhaustion with a pedal frequency >50 revolu-
tions per minute. The highest 30-second average value was
taken as the VO, . provided that standard criteria were
fulfilled.'?

2max
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Exercise training

All individuals underwent 24 x 60 minutes supervised
cycle ergometry (Monark E839, Sweden) sessions in our lab-
oratory for 8 weeks. Training intensity was similar in relative
terms for each individual, gradually increasing along the ET
program from 50 to 70% of maximal power output obtained
during the incremental exercise test at baseline (week 0),
subsequently updated at mid-intervention (week 4).

Statistical analysis

All statistical analyses were performed using IBM SPSS
v. 20 (Chicago, IL) software package. One-way repeated
measures analysis of variance was used to determine the
impact of ET on study variables. The influence of sex was
evaluated by 2-way repeated measures analysis of variance.
Data are reported as mean + SD. A 2-tailed P value <0.05 was
considered significant.

RESULTS

VO,,..« increased with ET (+12.3 + 8.9% from week 0 to
week 8, P < 0.001, P for linear trend <0.001). Cardiovascular
variables are presented in Table 1. Systolic blood pres-
sure (SBP) and pulse pressure augmented from week 0 to
week 8 (+7.3 £ 3.9%, P = 0.019, P for linear trend <0.001;
+26.2 £ 21.3%, P = 0.005, P for linear trend = 0.002, respec-
tively). A linear decreasing trend was observed for aor-
tic forward peak blood flow velocity (P = 0.012). Figure 1
illustrates the effect of ET on aorta Z_, which increased
from week 0 to week 8 (+38.3 + 29.4%, P = 0.003, P for lin-
ear trend = 0.002). Moreover, a linear decreasing trend was
noted for CD (P =0.016). Sex did not influence the impact of
ET on exercise capacity and hemodynamic variables.

DISCUSSION

The purpose of the present investigation was to determine
the impact of ET on AS in central elastic arteries of previ-
ously untrained healthy young individuals. To this end, aorta
and carotid distensile characteristics were assessed prior to
and across 8 weeks of ET. In keeping with the largest (cross-
sectional) study in healthy young individuals,® neither aorta
nor carotid AS were improved by ET, despite substantial
increases in aerobic exercise capacity were manifest.

This is the first study to pinpoint the time course of central
AS adaptations during an exercise training intervention. The
finding of gradual increases in AS in the aorta and carotid
arteries contrasts with 2 interventions showing decreased
central AS, albeit comparable increases in exercise capacity
after similar cycle ergometer ET programs lasting 4 and 8
weeks in healthy young individuals.#® These studies, how-
ever, did not report at what time point the postinterventions
assessments were performed.*® This involves an important
methodological point since the measured impact of ET on
AS, particularly by via discrete time points, is prone to con-
founding effects inherent to acute exercise. Indeed, central
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Table 1. Cardiovascular variables prior to (week 0) and during 8 weeks of endurance training

Training period

P value

Week 0 Week 2 Week 4 Week 8 ANOVA Linear trend
HR (bpm) 59.50 £ 7.03 59.33 + 8.86 55.56 + 8.95 55.89 £ 8.27 0.230 0.016
SBP (mm Hg) 109.9 £ 9.8 109.0 + 11.2 114.1 £ 10.7 117.9 £ 10.7"? 0.019 <0.001
DBP (mm Hg) 684 +54 65.3+6.3 66.7 +5.5 66.6 + 6.2 0.366 0.438
PP (mm Hg) 41.5+8.9 43.7 £ 8.1 474 £6.0 51.3+9.1%2 0.005 0.002
Aortic FPV (cm-s™) 119.6 + 16.9 114.3 +14.2 108.1 £ 11.5° 107.6 £ 10.5" 0.062 0.012
Aortic RPV (cm-s™") 49.6 +6.4 47.1+£6.2 49.0£4.2 49.1+6.8 0.818 0.967
Aortic R/F ratio 42.2+£8.5 414 +£438 45.8 £ 6.6 46.4 £10.2 0.258 0.057
Csgiam (Mm) 6.62 £ 0.30 6.78 £ 0.33" 6.67 £ 0.38 6.62 £ 0.28 0.096 0.587
Cpgiam (Mm) 6.08 + 0.27 6.24 + 0.29 6.16 + 0.25 6.08 + 0.312 0.058 0.730
Chgiam (Mm) 0.543 £ 0.128 0.533 £ 0.187 0.509 £ 0.195 0.538 £ 0.099 0.872 0.706
CD (10%-cm?-dyne™) 2.235+0.677 2.039 + 0.937 1.736 £ 0.612° 1.767 + 0.388" 0.191 0.016

Data are mean + SD. Superscript numbers (1, 2, 3) correspond to differences (P < 0.05) between training periods and respectively refer to
‘week 0, ‘week 2, and ‘week 4’. Significant P values (P < 0.05) are presented in bold.

Abbreviations: ANOVA, analysis of variance; Cp.m, carotid diastolic diameter; CD, carotid distensibility; Cgq.m, carotid systolic diameter;
Cgiam» Change in carotid diameter; DBP, diastolic blood pressure; FPV, forward peak blood flow velocity; HR, heart rate; PP, pulse pressure;
R/F ratio, reverse peak blood flow velocity/forward peak blood flow velocity ratio; RPV, reverse peak blood flow velocity; SBP, systolic blood
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Figure 1. Aorta characteristicimpedance (Z.) prior to (week 0) and dur-
ing 8 weeks of endurance training. P for linear trend = 0.002. *Significantly
different (P < 0.05) from week 0. $Significantly different (P < 0.05) from
week 2.

arterial distensibility is transitorily enhanced after a cycling
bout in healthy individuals.!*!* In an effort to limit this and
other lifestyle confounding factors, herein the measure-
ments commenced >48 hours following the last exercise ses-
sion and furthermore, all individuals slept in the laboratory
the night anterior to each evaluation. Such standardization
may have contributed to the relatively uniform individual
responses throughout the ET intervention (Figure 1). While
further research is needed to comprehensively identify arte-
rial phenotypic modifications with ET, the current study
indicates that healthy central elastic arteries are not amend-
able to ET-induced “de-stiffening” effects.

The question arises as to which mechanism(s) underlie
the observed increases in AS. In this regard, arterial lumen
dimensions were unaltered (except at week 2) whereas SBP
augmented during the 8-week ET intervention (Table 1). In
parallel, there was a linear decreasing trend for heart rate,
suggesting a concomitant increase in stroke volume, a com-
mon early adaptation to ET that was not measured in this
study.® Whilst speculative, “supra-optimal” remodeling in
elastic arteries facilitating the accommodation of enhanced
stroke volume may require longer/chronic ET stimuli, as
experienced by young endurance athletes exhibiting enlarged
central arterial diameters and similar AS and brachial SBP
vs. age-matched sedentary individuals.® In the absence of
arterial lumen enlargement with increased stroke volume,
SBP may increase if there is no “room” for AS improvement,
concurring with the ultimate structural constraint of arterial
distensibility.!” In addition, lower heart rate may be accom-
panied by prolonged ventricular ejection time enabling
the reflected pulse pressure wave to appear in late systole,
thereby increasing SBP.!® Of note, we measured peripheral
(brachial) but not central blood pressure, the former being
augmented due to the phenomenon of SBP amplification
from central to peripheral arteries.!” The results of this study
could be confounded if ET modifies SBP amplification,
which seems unaffected according to cross-sectional com-
parisons.'® Finally, the current investigation demonstrates
that improvements in central arterial distensibility may not
be indispensable for increases in aerobic exercise capacity,®"?
suggesting that AS does not limit convective oxygen deliv-
ery under normal healthy conditions. Nonetheless, given the
small number of study subjects, our conclusions should be
taken with caution.
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CONCLUSION

This study provides evidence that AS in central elastic
arteries is not reduced by an otherwise successful ET inter-
vention in healthy young individuals. These findings are
consistent with the notion that when arterial distensibility is
at optimal levels, as in healthy arteries of young individuals,
improvements do not occur possibly due to a ceiling effect.
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