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Abstract

It is well-known that aerobic exercise training beneficially affects endothelial func-
tion as measured by brachial artery flow-mediated vasodilation (FMD). This trial
with older sedentary overweight and obese men, therefore, examined the effects
of aerobic training on other non-invasive markers of the vasculature, which have
been studied in less detail. Seventeen men (67 +2years, BMI: 30.3+2.8 kg/m?)
participated in this controlled cross-over study. Study participants followed in ran-
dom order a fully supervised, progressive, aerobic exercise training (three 50-min
sessions each week at 70% maximal power) and a no-exercise control period for
8weeks, separated by a 12-week wash-out period. At the end of each period, en-
dothelial function was assessed by the carotid artery reactivity (CAR) response
to a cold pressor test and FMD, and local carotid and regional aortic stiffness by
the carotid-to-femoral pulse wave velocity (PWV__g). The retinal microvasculature,
the serum lipid profile, 24-h ambulatory blood pressure, and 96-h continuous glu-
cose concentrations were also determined. Aerobic training increased CAR from
1.78% to 4.01% (A2.23 percentage point [pp]; 95% CI: 0.58, 3.89 pp; p =0.012) and
FMD from 3.88% to 6.87% (A2.99pp; 95% CI: 0.58, 5.41pp; p =0.019). The stiff-
ness index f, increased by 1.1 (95% CI: 0.3, 1.9; p =0.012), while PWV__; did not
change. Retinal arteriolar width increased by 4 pm (95% CI: 0, 7 pm; p =0.041).
Office blood pressure decreased, but ambulatory blood pressure, and serum lipid
and continuous glucose concentrations did not change. Aerobic exercise training
improved endothelial function and retinal arteriolar width in older sedentary over-
weight and obese men, which may reduce cardiovascular risk.
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1 | INTRODUCTION

Physical exercise training is a well-known strategy to
prevent age-related health problems, such as cardiovas-
cular disease (CVD) and cognitive decline (Benjamin
et al., 2018; Rapsomaniki et al., 2014). A common de-
nominator of these comorbidities is an impaired vascular
function (Gorelick et al., 2011), which can be measured
with different non-invasive techniques, each addressing a
different aspect of the vasculature (Benjamin et al., 2018;
Cohn et al., 2004). Most well-controlled trials investigating
the effects of exercise training on vascular function have
however focused on only one specific characteristic of
the vasculature (Seals et al., 2019). Thus, it has frequently
been shown that vascular endothelial function of a periph-
eral muscular artery as measured by shear stress-induced
brachial artery flow-mediated vasodilation (FMD) is im-
proved after exercise training (Early et al., 2017; Pedralli
et al., 2020; Qiu et al., 2018; Son et al., 2017). However,
the endothelial function can also be examined in a major
elastic conduit artery by assessing carotid artery reactivity
(CAR), which involves stimulation of the sympathetic ner-
vous system using a cold pressor test (van Mil et al., 2017).
CAR correlates with coronary artery responses to a cold
pressor test, an independent predictor of cardiovascular
events (van Mil et al., 2017; Van Mil et al., 2019). The ef-
fects of exercise training on CAR are not known.

In addition, only a limited number of studies have
examined the effects of exercise on parameters reflect-
ing local carotid stiffness, but the results are inconsistent
(Tanaka, 2019). Regional aortic arterial stiffness, as deter-
mined by the current non-invasive gold standard method
of carotid-to-femoral pulse wave velocity (PWV_;), is
a well-established risk marker of CVD (Sutton-Tyrrell
et al., 2005). However, more pronounced reductions in
brachial-ankle as compared with carotid-femoral pulse
wave velocity (PWV) responses were observed after aero-
bic exercise training (Ashor et al., 2014). Further, exercise-
induced beneficial effects on the retinal microvasculature,
imaged using fundus photography, are related to a reduced
cardiovascular risk in obese adults (Hanssen et al., 2011).
Finally, macrovascular complications (i.e., early signs of
atherosclerotic plaque formation) were evaluated by the
assessment of carotid intima-media thickness (cIMT)
(Touboul et al., 2012). Exercise training may have dif-
ferential effects on different aspects of the vascular tree
(e.g., vascular endothelial function, arterial stiffness, and
structure) because different underlying mechanisms may
be involved. Therefore, applying all these non-invasive
techniques provides a more complete picture on the true
effects of exercise training on the vasculature.

Recently, we have already reported that in sedentary
overweight and obese older men a fully controlled aerobic

exercise training protocol improved regional cerebral blood
flow (CBF) (Kleinloog et al., 2019), which reflects cerebro-
vascular function. We here report aerobic-training effects
on the central (i.e., carotid artery and aorta), periph-
eral (i.e., brachial artery), and retinal microvasculature
that were assessed using different non-invasive markers
for endothelial function, arterial stiffness, and vascular
structure. Traditional cardiometabolic risk markers were
also determined and used to calculate the Framingham
Risk score as a predictor for general cardiovascular risk
(D'Agostino Sr. et al., 2008). Finally, continuous measure-
ments during daily life of physical activity and blood pres-
sure levels, and glucose concentrations were measured.
This integrated approach will further contribute to the
understanding of the beneficial effects of exercise on CVD
risk, which cannot only be explained by the traditional
CVD risk markers (Green et al., 2008).

2 | METHODS

2.1 | Study participants and design

Sedentary older overweight and obese men participated
in a randomized, controlled cross-over trial with an
aerobic exercise intervention and a no-exercise con-
trol period of both 8weeks, separated by a 12-week
wash-out period. An overview of the study design is
shown in Figure S1. Participants were allocated based
on a computer-generated randomization scheme.
Participants and investigators were unaware of the
allocation prior to inclusion but could not be blinded
during the intervention and measurements. However,
images and blood samples were blinded prior to analy-
sis. Study details have been described before (Kleinloog
et al., 2019). In brief, men were included if they met
the following criteria: aged between 60 and 70years,
body mass index (BMI) between 25 and 35kg/m? no
chronic diseases, no use of medication affecting the
outcome measures, systolic (SBP)<160mmHg and
diastolic blood pressure (DBP)<100mmHg, and a
low physical activity level using the long form of the
Dutch version of the international physical activity
questionnaire (IPAQ; Craig et al., 2003; IPAQ Research
Committee, 2005). This version (31 items) collects de-
tailed information on the duration and frequency of
physical activity levels within five different domains
(job-related, transport-related, housework-related,
leisure-time, and sedentary behavior). The intervention
period consisted of a fully supervised, personalized,
and progressive aerobic-based exercise program on a
cycling ergometer three times a week for 50 min. The
training comprised 10 min warm-up at 45% maximal
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workload (Pmax), 30min at 70% Pmax, and 10 min
cool-down at 45% Pmax. Maximal exercise capacity was
determined during incremental cycling before the start
of the training intervention period, at weeks 2, 4, and 6,
and the end of the training intervention period. During
these tests, peak oxygen consumption (VO,peak) was
measured as well, which was used to adjust training
intensity for the next 2weeks. During the control and
wash-out periods, participants had to maintain or re-
turn to their habitual physical activity levels. Men
were requested not to change their habitual diet and
consumption of alcohol throughout the study period,
which was checked using a food frequency question-
naire. Energy and nutrient intakes were calculated
using the Dutch Food Composition table.

Outcome variables were measured at the start of the
control and intervention periods (BL), after 4weeks
(WK4), and during a follow-up day (FU-1) at the end of
both periods. Vascular function and blood pressure were
assessed 43h (range: 19-72h) after the final training.
Additional blood samples were taken 117h (range: 70-
118h) after FU-1 during a second follow-up day (FU-2).
Participants arrived after an overnight fast and were re-
quested to have a regular meal the evening before, and to
refrain from alcohol and exercise 24 h prior to each visit.
Between both follow-up days, ambulatory blood pressure
(ABP) levels were monitored, continuous glucose mea-
surement (CGM) was performed, and physical activity
was measured using accelerometry.

The study followed the ethical guidelines of the
Declaration of Helsinki and was approved by the Medical
Ethics Committee of Maastricht University Medical
Centre (METC-173025). All study participants gave writ-
ten informed consent before the start of the intervention
trial. This study was registered at ClinicalTrials.gov (regis-
try number: NCT03272061) on September 7, 2017.

2.2 | Anthropometrics

Height was measured during the screening visit using
a wall-mounted stadiometer (Seca 222; Seca) and scale
(Seca 877; Seca). Body weight was measured every 2 weeks
in the intervention period and at BL, WK4, and FU-1 in
the control period. BMI was calculated and body fat dis-
tribution was assessed by measuring the waist-to-hip cir-
cumference ratio (Seca 201; Seca).

2.3 | Vascular measurements

Vascular function measurements were performed at
FU-1 after a resting period of at least 15min in the supine
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position in a temperature-controlled, quiet, and dark-
ened room at the Metabolic Research Unit Maastricht
(MRUM).

2.3.1 | Central vasculature

Ultrasound imaging in B-mode using a 13-MHz trans-
ducer (MyLab Gamma; Esaote) with continuous record-
ing was used to visualize the left common carotid artery
2 cm proximal to the bifurcation of the common carotid
artery into the internal and external carotid arteries. The
CAR in response to a cold pressor test was determined.
The cold pressor test consisted of a 1-min baseline period
and 3-min immersion of the hand in a bucket of cold water
(4.0°C) with ice slush. The carotid artery baseline diame-
ter was defined as the average diameter over the first min-
ute. Diameters were averaged over 10-s intervals during
immersion (Buckley et al., 2019). The maximal percentage
change in post-immersion arterial diameter relative to the
baseline arterial diameter was calculated. Additionally,
the change in diameter was allometrically scaled and cor-
rected for the baseline diameter as previously described
(Atkinson & Batterham, 2013). The change relative to
baseline was also determined for every interval of 10s to
calculate the net incremental area under the curve (net
iAUC). The echo images were analyzed offline with a
custom-written MATLAB program using automated edge-
detection and wall tracking (MyFMD V15.06, AP Hoeks,
Department of Biomedical Engineering, Maastricht
University Medical Centre, Maastricht, Netherlands).
During the baseline period, five-to-six heartbeats were an-
alyzed to determine the cIMT, and systolic and diastolic
diameters of the carotid artery using a custom-written
MATLAB program (VidArt V13.5, AP Hoeks, Department
of Biomedical Engineering, Maastricht University Medical
Centre, Maastricht, Netherlands). Local arterial stiff-
ness was determined using pressure-independent stiff-
ness index f, (Spronck et al., 2017). The used formula is:
By = % - n(’;PBPf ) Where D and D, are the carotid
arterial systolic and diastolic diameter and cIMT is the
intima-media thickness of the carotid artery. The average
DBP for both periods from all participants was used as ref-
erence blood pressure (BP ).

PWYV,__; was determined in triplicate with a tonometer
(SphygmoCor v9; AtCor Medical) according to the current
guidelines (Townsend, 2017). The direct distance between
the left carotid and femoral artery was used. Additionally,
radial artery pulse wave analyses (PWA) were per-
formed near the wrist of the arm in triplicate using the
same tonometer. Central augmentation index corrected
for heart rate (CAIXHR75) was determined as described
(Townsend, 2017).
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2.3.2 | Peripheral vasculature

FMD was also assessed by ultrasound echography in
B-mode using a 13-MHz transducer (MyLab Gamma; Esaote)
with continuous recording as recommended (Thijssen
et al., 2019). After a resting baseline period of 3 min, a pneu-
matic cuff placed around the forearm of the participant was
inflated to 200mmHg for 5 min. Response of the brachial
artery diameter following reactive hyperemia was imaged
for another 5 min. FMD was quantified as the maximal
percentage change in post-occlusion arterial diameter rela-
tive to baseline diameter. Additionally, allometric scaling
was performed to correct for differences in baseline diam-
eters expressed as equivalent FMD percentage (Atkinson &
Batterham, 2013). The B-mode images were analyzed offline
with the same software as for the CAR.

2.3.3 | Retinal microvasculature

Retinal vascular images were made to assess microvas-
cular calibers in the eye as described previously (Joris
et al., 2017). The nonmydriatic retinal camera (Topcon
TRC-NW-300; Topcon Co.) focused on the right optic
disc and photographed the retina. Images were digi-
tally analyzed to calculate mean central retinal arte-
riolar (CRAE) and venular equivalents (CRVE), and
the arteriolar-to-venular ratio (AVR) using the Parr-
Hubbard formulas (Hubbard et al., 1999) and appro-
priate software (Generalized Dual-Bootstrap Iterative
Closest Point [Stewart et al., 2003]). Retinal images
from the intervention and control periods were ana-
lyzed simultaneously to ensure that the same segments
from at least two arteries and venules were used for a
participant.

2.4 | Cardiometabolic risk markers

Office brachial SBP and DBP were measured four times
using an intermittent blood pressure device (Omron
Intellisense M7; Cemex Medische Techniek). The mean
of the last three measurements is reported. The mean
arterial pressure (MAP) was determined using the pulse
wave that was determined at the brachial artery near
the antecubital fossa with a tonometer (SphygmoCor v9;
AtCor Medical). Additionally, central systolic and dias-
tolic blood pressure (SBP. and DBP,) were determined
using the radial pulse wave based on the brachial DBP
and MAP. ABP was also measured (Mobil-O-Graph;
[.E.M. Inc.). Brachial blood pressure levels were recorded
every 15min during the daytime (07:00h till 22:00h)
and every 30min at night (22:00h till 07:00h). The first

measurement was discarded, and the mean and variabil-
ity (i.e., SD) of the SBP, DBP, pulse pressure (PP), and
heart rate (HR) were calculated over 24-h, and during the
daytime and nighttime. Additionally, nocturnal SBP and
nocturnal DBP dipping were calculated using the mean
difference between daytime and nighttime blood pressure
expressed as a percentage of the daytime value.

Fasting blood samples were taken from a forearm
vein at BL, WK4, and FU-1. At FU-2, blood samples
were taken using an intravenous cannula. Blood drawn
in vacutainer SST™ II Advance tubes (Becton, Dickson
and Company) were allowed to clot for at least 30 min
at 21°C. Vacutainer tubes were centrifuged at 1300 g for
15minat21°C to obtain serum. Tubes containing sodium
fluoride (NaF) plus Na,EDTA (Becton, Dickson and
Company) were kept on ice and centrifuged for 30 min
at 1300 g for 15 min at 4°C to obtain plasma. Serum and
plasma samples were immediately portioned, frozen in
liquid nitrogen, and stored at —80°C until analysis at
the end of the study. Serum samples were analyzed for
concentrations of total cholesterol (TCH: CHOD-PAP
method; Roche Diagnostics), triacylglycerol corrected
for free glycerol (TAG: GPO Trinder; Sigma-Aldrich
Corporation), HDL-cholesterol (precipitation method;
Roche Diagnostics), and high-sensitivity C-reactive pro-
tein (hsCRP) (immunoturbidimetric assay, Horiba ABX,
Montpellier). LDL-cholesterol was calculated using the
Friedewald formula. Values of FU-1 and FU-2 were
averaged before statistical analyses. Additionally, the
Framingham Risk score was calculated using the val-
ues at the end of the intervention and control periods
(D'Agostino Sr. et al., 2008).

2.5 | Continuous glucose monitoring and
physical activity

Glucose concentrations were measured every 15min
using the Freestyle Libre Pro (Abbott), which was placed
precisely at the back of the upper arm. The AUC and
iAUC were calculated with the trapezoid rule over a 96-h
period using GraphPad Prism 8 (FAO/WHO, 1998). The
baseline glucose concentration for the iAUC was deter-
mined by taking the average minimal 1-h value of each
measurement day.

Accelerometry-based physical activity levels were
measured using the activPAL3 (PAL Technologies Ltd),
a validated accelerometer for measuring physical activ-
ity and sedentary behavior (Edwardson et al., 2017). The
accelerometer was placed on the anterior side of the left
thigh 10 cm above the patella to monitor daily activity pat-
terns and was worn uninterrupted for a median duration
of 120h (range: 95-144 h). Data were processed using the
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PAL analysis software with the CREA algorithm (Version
8.11.4.61; PAL Technologies Ltd). Physical activity score
expressed as the metabolic equivalent time of task per
second (MET/s) and total sedentary time in seconds was
extracted from the 15-s epoch file.

2.6 | Statistical analyses

Differences at baseline were investigated using repeated
analysis of variance (ANOVA) with a period as a fixed
factor. When measurements were only performed at the
end of the intervention and control periods, the effects of
the exercise program were also examined using repeated
ANOVA with a period as a fixed factor. Linear mixed
models were performed for serum lipids and hsCRP to
test for differences between treatments over time, using
absolute changes from baseline as a dependent variable.
Time, treatment, period, and time X treatment interac-
tion were used as fixed factors, and participant and in-
tercept as random factors. The interaction term was
omitted from the model if it was not significant. When
the time X treatment interaction was statistically signifi-
cant, the difference in changes at weeks 4 and 8 between
the intervention and control periods were compared pair-
wise with Bonferroni correction. Unless otherwise indi-
cated, normally distributed variables are shown as means
(£SDs), and non-normal distributed variables are shown
as medians (ranges). Concentrations of hsCRP were
log-transformed, as concentrations were not normally
distributed based on quantile-quantile plots. Pearson cor-
relations were determined between changes in periph-
eral and changes in central artery function, and between
the change in blood pressure and changes in the retinal
microvasculature. Only variables that changed signifi-
cantly were correlated. SPSS was used to perform all sta-
tistical analyses (IBM Corp., IBM SPSS Statistics, V26). A
p <0.05 was considered to be statistically significant.

3 | RESULTS

3.1 | Study participants

A consolidated standard of reporting trials (CONSORT)
flow diagram of study participants is shown in Figure S2.
A total of 17 participants completed the study. FMD meas-
urements for two participants and one CAR measurement
could not be analyzed due to technical problems with the
recording of the images. Another FMD assessment could
not be analyzed due to the insufficient quality of the ultra-
sound recordings. Accelerometer recordings of one partic-
ipant were missing because the device was lost during the
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recordings. Finally, the CGM measurements of one study
participant failed.

Baseline characteristics of the study participants,
who completed the study have been described before
(Kleinloog et al., 2019). The men had a mean age of
67 +2years and their mean BMI was 30.3 + 2.8 kg/m?
The median attendance rate of the scheduled train-
ing sessions was 100% (range: 92%-100%). Weight and
waist-to-hip circumference ratio did not differ between
treatments (treatment effects: p = 0.830 and p = 0.823,
respectively) and remained stable throughout the study
(time effects: p = 0.289 and p = 0.373, respectively). As
anticipated, aerobic fitness improved, as indicated by a
significant time X treatment interaction (p = 0.018) for
the VO,peak, which tended to increase by 99 ml/min
after 4weeks (95% CI: —15, 214 ml/min; p = 0.088) and
increased significantly by 262 ml/min after 8 weeks (95%
CI: 153, 394ml/min; p <0.001) (Kleinloog et al., 2019).
Energy and nutrient intakes did also not change during
the study (Table S1).

3.2 | Vascular measurements

3.2.1 | Central vasculature

CAR responses were 4.01% after exercise training and
1.78% after the control period and thus improved by 2.23
percentage points (pp) (95% CI: 0.58, 3.89pp; p = 0.012).
Allometrically scaled CAR responses increased by 2.68 pp
(95% CI: 1.11, 4.19pp; p = 0.003). Additionally, the net
iAUC increased by 104%*min (95% CI: 35, 173 pp*min;
p = 0.006). Baseline carotid artery diameters before the
cold pressor test, but also diastolic and systolic diam-
eters over five-to-six heart beats did not differ (Table 1;
Figure 1a,c). Moreover, exercise training increased local
arterial stiffness, as indicated by an increased stiffness
index B, (A 1.1; 95% CI: 0.3, 1.9; p = 0.010) (Table 1). As
expected, cIMT (A 0.02mm; 95% CI: —0.05, 0.08 mm;
p = 0.579) and the lumen-to-cIMT ratio did not change
(A 0.02; 95% CIL: —0.27, 0.34; p = 0.816). In contrast,
PWV_; (A 0.4m/s; 95% CI: —0.4, 1.2m/s; p = 0.264) and
CAIxHR75 (A —0.8 pp; 95% CI: —2.9, 1.4 pp; p = 0.448) did
not significantly change (see Table 1).

3.2.2 | Peripheral vasculature

FMD improved after the intervention as compared with the
control period by 2.99pp (95% CI: 0.58, 5.41pp; p = 0.019),
while the brachial artery diameter measured during the
baseline period of the FMD decreased (A —0.34mm; 95%
CL: —0.17, —0.45mm; p = 0.001) (Table 1; Figure 1c). The
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TABLE 1 Vascular markers, blood pressure, and continuous glucose measurement outcomes from a randomized, controlled cross-over
study with sedentary older men

Intervention period Control period Mean difference (95% CI)

Vascular measurements

CAR (%)* 4.01+241 1.78 +2.71 2.23 (0.58, 3.89)*

Corrected CAR (equivalent %)* 4.19+2.39 1.51+2.83 2.68 (1.11, 4.19)**

CAR,iauc (%*min)* 42+116 147 +106 104 (35,173)**

Carotid baseline diameter (mm)?* 7.76 +1.43 7.71+1.35 0.05 (=0.07,0.18)

Brachial artery FMD (%)° 6.87+4.32 3.88+3.19 2.99 (0.58, 5.41)*

Corrected FMD (equivalent %) 6.40+4.05 4.19+3.07 2.21 (—1.69, 6.18)

Brachial baseline diameter (mm)° 3.25+0.34 3.59+0.52 —0.34 (—0.45, —0.17)**

Carotid diastolic diameter (mm)* 8.22+1.02 8.08 +0.96 0.12 (0.00, 0.25)*

Carotid systolic diameter (mm)* 8.54+1.11 8.52+1.09 0.02 (—0.09, 0.14)

Stiffness index B," 74 +1.6 6.1+2.1 1.1 (0.3, 1.9)*

PWV,_;(m/s) 12.6+2 12.3+1.8 0.4 (=0.4,1.2)

CAIXHR75 (%) 19.5+7.8 20.7+7.4 —0.8 (-2.9,1.4)

CRAE (pm) 119427 115+27 4 (0, 7)*

CRVE (pm) 194 432 193+33 1 (-1,3)

AVR ratio 0.61+0.1 0.60+0.11 0.02 (0.00, 0.03)
Office blood pressure

Brachial SBP (mmHg) 135+8 139+11 -5 (-8,1)

Brachial DBP (mmHg) 81+7 85+5 —4 (=6, —3)**

Brachial PP (mmHg) 54+7 53+8 1 (-3,5)

MAP (mmHg) 103 +7 107 +8 -5 (=7, =2)**

Central SBP (mmHg) 118 +8 123+11 —4 (=9, —1)*

Central DBP (mmHg) 95+7 99 +6 -1 (=6, —2)**

Central PP (mmHg) 23+4 24+6 -1 (-3,1)

HR (beats/min) 57+7 58+8 0 (—4,2)
Ambulatory blood pressure

24-h SBP (mmHg) 126+8 12749 -2 (=5,1)

24-h DBP (mmHg) 81+5 8245 0 (—4,1)

24-h PP (mmHg) 46+6 46+7 -1 (-1,2)

24-h HR (beats/min) 69+9 71+11 0 (=4,1)
CGM outcomes

CGM,yc (mmol/L*h)? 496+103 477+92 0 (=7, 44)

CGM; ¢ (mmol/L*h)? 75+37 75+24 0 (=20, 22)

Note. Values are means + SD. Effect size is reported as the difference between the intervention and control period with a 95% confidence interval (95% CI;
analysis of variance with a period as a covariate): *p <0.05, **p <0.01.

Abbreviations: AVR, arteriolar-to-venular ratio; CAIXHR75, central augmentation index adjusted for heart rate; CAR, carotid artery reactivity; CGM,
continuous glucose monitor; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; DBP, diastolic blood pressure; FMD,
brachial artery flow-mediated vasodilation; HR, heart rate; (i)AUC, (incremental) area under the curve; MAP, mean arterial pressure; net iAUC, net
incremental area under the curve; PP, Pulse Pressure; PWV__g, carotid-to-femoral pulse wave velocity; SBP, systolic blood pressure; Ye, Young's modulus of
elasticity.

in=14.

°n = 16.

allometrically scaled FMD was not significantly affected (A responses (r =—0.583, p = 0.029), while no significant cor-
2.21pp; 95% CL: —1.69, 6.18pp; p = 0.241). An inverse cor- relation was observed between exercise-induced changes in
relation was observed between changes in FMD and CAR ~ FMD and stiffness index f, responses (r = 0.330, p = 0.249).
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FIGURE 1 Training-induced
changes of endothelial function markers
of a randomized, controlled cross-over
study with sedentary overweight and
obese men. Mean (+SEM) and individual
(a) carotid artery responses (CAR; n = 16)
and (b) brachial artery flow-mediated
vasodilation (FMD; n = 14) following

the control and intervention period. (c)
Mean (+SEM) carotid artery diameter
changes averaged for every 10s during the
cold pressure test (n = 16) following the
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3.2.3 | Retinal microvasculature

The CRAE significantly increased by 4pm (95% CI: 0,
7pm; p = 0.041), while the CRVE did not change (A
1pm; 95% CI: —1, 3pm; p = 0.153). The AVR did not
change (A 0.02; 95% CI: 0.00, 0.03; p = 0.076). The
change in CRAE was inversely correlated with the
change in brachial DBP (r =—0.53, p = 0.028) and nearly
with central DBP (r =—0.477, p = 0.061). The correla-
tion with changes in other blood pressure outcomes was
not significant (MAP: r =—0.411, p = 0.101; central SBP:
r=-0.342, p = 0.178).

3.2.4 | Cardiometabolic risk markers

Office brachial DBP decreased by 5mmHg (95% CIL: —6,
—3mmHg; p = 0.002) after the intervention as compared
with the control period. Central DBP also decreased by
5mmHg (95% CI: —6, —2mmHg; p = 0.001). Brachial
SBP did not change (A 3mmHg; 95% CI: —8, 1 mmHg;
p = 0.096), while central SBP significantly decreased
by 5mmHg (95% CI: 1, 9mmHg; p = 0.015). Office (A
1mmHg; 95% CI: —3, 5mmHg; p = 0.627) and central (A
—1mmHg; 95% CI: —3, IlmmHg; p = 0.340) PP did not
change. Additionally, MAP decreased by 4mmHg (95%
CIL: -7, —2mmHg; p = 0.005). Heart rate was comparable
after both periods (A —1 beats/min; 95% CI: —4, 2 beats/
min; p = 0.473). There were no significant effects on mean
24-h (24h), mean daytime, and mean night-time ABP

levels. Additionally, SDs and nocturnal dipping in SBP
and DBP did not differ between both periods (Table 1;
Figure 2 and Table S2).

There was a significant time X treatment effect for HDL-
cholesterol concentrations (p = 0.035), which increased by
0.07mmol/L (95% CI: 0.01, 0.12mmol/L; p = 0.015) in the
intervention group as compared with the control group at
week 4, while the difference in changes was comparable
at week 8 (A 0.01 mmol/L; 95% CI: —0.04, 0.07; p = 0.599).
TCH, LDL-cholesterol, TAG, and hsCRP concentrations
did not change (Table 2). No differences were observed at
baseline (Table 2; TCH: p = 0.050, TAG: p = 0.772, HDL:
p = 0.283, LDL: p = 0.065, CRP: p = 0.525). Finally, the
Framingham Risk score did not differ (intervention pe-
riod: 14.1 +2.3%, control period: 13.4+1.9%; A 0.7%, 95%
CL: —1.4,0.2%; p = 0.110).

3.3 | Continuous glucose monitoring and
physical activity

The AUC (A 18mmol/L*h; 95% CI: —7, 44 mmol/L*h;
p = 0.139) and iAUC (A O0mmol/L*h; 95% CI. —0.20,
0.22mmol/L*h; p = 0.921) for continuous glucose con-
centrations over a 96-h period did not significantly change
(Table 1; Figure S3). No differences were observed be-
tween the intervention and control periods in physical
activity score (A 0.01 MET/s; 95% CI: —0.02, 0.04 MET/s;
p = 0.436) and sedentary time (A —24s; 95% CI: —67, 18s;
p = 0.231).
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FIGURE 2 Mean 24-h (+SEM) ambulatory blood pressure levels measured at the end of the exercise and control period in a randomized
cross-over study with sedentary overweight and obese older men (n = 17). Mean (a) systolic blood pressure (SBP), (b) diastolic blood
pressure (DBP), (c) pulse pressure (PP), and (d) heart rate (HR) following the control and intervention period.

TABLE 2 Metabolic measurements from a randomized, controlled cross-over study with sedentary obese older men (n =17)

Intervention Control
period period Mean difference p-value
BL BL A WK4 A FU Time X treatment Treatment
TCH (mmol/L) 5.77+1.06 5.55+1.21 0.01+£0.49 —0.15+0.92 0.648 0.547
TAG (mmol/L) 1.35+0.47 1.36+0.52 0.19+0.57 0.09+0.57 0.411 0.497
HDL (mmol/L) 1.33+0.19 1.30+0.16 —0.07+0.12* 0.01+£0.13 0.035 N/A
LDL (mmol/L) 3.82+0.97 3.64+1.07 —0.02+0.58 —0.21+0.73 0.430 0.366
CRP (mg/L)* 3.35+5.03 2.22+2.30 —-1.40+3.54 —1.88+4.71 0.332 0.099

Note. Values are means + SD. Time X treatment and treatment effect (linear mixed model): *p <0.05.
Abbreviations: BL, baseline; CRP, C-reactive protein; FU, follow-up; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TAG, triacylglycerol; TCH,

total cholesterol; WK4, week 4.

“Statistics were performed after log-transformation due to non-normal distribution.

4 | DISCUSSION

In this randomized, controlled cross-over trial with seden-
tary overweight and obese older men, aerobic exercise train-
ing improved endothelial function, as shown by the changes
in FMD. The CAR response, which is related to effects on
endothelial function and autonomic control of vascular
tone, also improved. In contrast, local vascular stiffness of
the carotid artery increased. Regional aortic vascular stiff-
ness as measured with PWV__did not change. Finally, reti-
nal arteriolar diameters increased, and office blood pressure
decreased. No effects were found on ABP, serum lipids, and

24-h glucose concentrations. Participants did not change
their habitual diet or regular daily physical activity pattern,
underlining that the effects observed were due to the aero-
bic exercise training program. Moreover, exercise training
had favorable effects on markers of the vasculature without
concomitant alterations in the more conventional cardio-
metabolic risk markers.

Aerobic exercise training significantly improved the
CAR response to a cold pressor test. In fact, the maxi-
mal vasodilation of the carotid artery increased to 4%, a
value comparable to that of younger individuals aged
24 +3years (van Mil et al., 2017). The increase in CAR
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response may decrease cardiovascular risk and the risk
for future cardiovascular events (van Mil et al., 2017; Van
Mil et al., 2019). Catecholamines (e.g., norepinephrine)
released during the cold pressor test can increase vaso-
dilation via endothelium-dependent effects, but might
at the same time cause vasoconstriction of smooth mus-
cle cells via the sympathetic nervous system (Buckley
et al., 2019). Thus, we can speculate that the balance be-
tween these two processes was beneficially affected after
exercise training. The observed improvement in FMD,
which is associated with a decreased CVD risk of 24% (Ras
et al., 2013), is in line with the results of a meta-analysis
when a comparable training protocol was used (Early
et al., 2017). Changes were not significant when account-
ing for the reduction in baseline diameter following ex-
ercise using allometric scaling. Importantly, ratio scaled
FMD is associated with CVD risk (Ras et al., 2013), while
the prognostic value is reduced when allometric scaling is
applied (McLay et al., 2018). Moreover, a smaller baseline
brachial artery diameter is also independently predictive
of reduced cardiovascular risk (Maruhashi et al., 2018),
underlining the clinical relevance of our findings. Taken
together, observed changes in both major elastic conduit
(CAR) and peripheral muscular arteries (FMD) support
the evidence for beneficial effects of exercise training on
vascular function of central and peripheral arteries, and
thereby CVD risk in overweight and obese men. However,
exercise-induced changes in CAR and FMD responses
were inversely correlated, providing evidence that differ-
ent underlying mechanisms are involved.

Surprisingly, we observed that local carotid arterial
stiffness increased. Although underlying mechanisms are
unclear, it was hypothesized that repetitive elevations in
blood pressure during training sessions, as well as adapta-
tions in vascular tone, could have contributed to this ob-
servation (Tanaka, 2019). The observed changes in central
blood pressure levels in our study may indeed impact ar-
terial compliance. In contrast, central arterial stiffness was
lower in participants who are more physically active (Seals
et al., 2008; Tanaka et al., 2000). Also, daily walking for
14weeks decreased the carotid arterial stiffness in normal-
weight older men (Tanaka et al., 2000). Further research on
the effects of training on local artery stiffness is warranted.

PWV,__, which is a marker for regional arterial stiffness,
did not change. In contrast, a meta-analysis of 20 studies
showed an improved aortic PWV, which could not be ex-
plained by changes in blood pressure and was not related to
exercise intensity (Ashor et al., 2014). However, this appar-
ent discrepancy may be explained by our study duration of
8weeks, as subgroup analyses revealed that improvements
in PWV__; were only observed when the training program
exceeded 10weeks (Ashor et al., 2014). However, another
study with an 8-week intervention period found beneficial

Nosas =) Physiological ReportsJQLf12
effects on PWV__; in healthy adults (Slivovskaja et al., 2018).
Training sessions were, however, 10min longer. This sug-
gests that a longer time period or longer exercise training
sessions may be needed to reduce stiffness in large central
conduit arteries in healthy older men. In individuals with
the metabolic syndrome, however, beneficial effects on
PWV,__; were observed after similar exercise training dura-
tion (Donley et al., 2014; Slivovskaja et al., 2018). Thus, a
minimum amount of accumulated time seems to be needed
to improve regional PWV_; in healthy volunteers. The
positive effects on brachial-ankle PWV that were observed
(Ashor et al., 2014), may relate to increases in shear stress
during aerobic exercise training, which may in particu-
lar affect nitric oxide-producing muscular arteries (Ashor
et al., 2014). Although stiffness index f, and PWV both
reflect arterial stiffness, these two parameters do not cor-
relate (Tanaka, 2017). The lack of association may be due to
differences in underlying mechanisms. The PWYV is based
on a propagation model involving regional measurements
that track movements of pulse waves from one location to
another along the arterial tree, whereas the stiffness index
B, represents a pulsation model consisting of local assess-
ment using ultrasound. As compared with the PWV, stiff-
ness index f, is also less dependent on blood pressure (Lim
et al., 2015), which was decreased in this study. Moreover,
arterial stiffness also varies depending on the location of the
measurements (van Popele et al., 2001).

Retinal microvascular calibers were beneficially af-
fected, as shown by an increased CRAE, although CRVE
did not change. These results agree with those of other
studies (Hanssen et al., 2011; Kochli et al., 2018), while an
inverse correlation between changes in CRAE and DBP
could also be established. Interestingly, wider retinal arte-
rioles have previously been related to a decreased risk to
develop hypertension (Ding et al., 2014).

Office blood pressure decreased after aerobic exercise
training, which was consistent with previous studies that
focused on office blood pressure and is related to a re-
duction in CVD risk (Cornelissen & Fagard, 2005). It is
suggested that a reduction in vascular resistance via the
sympathetic nervous system and the renin-angiotensin
system are involved. In contrast, ABP was not affected.
A meta-analysis of 15 aerobic exercise training studies of
at least 4weeks observed a significant, albeit modest, de-
crease of 3mmHg in daytime SBP and DBP (Cornelissen
et al., 2013). It is possible that the longer median study du-
ration of 15weeks (range: 6-52weeks) and the reduction
in body weight in one-third of the studies included in that
meta-analysis may explain this discrepancy (Cornelissen
et al., 2013). It can also be speculated that only office BP is
reduced after exercise training during a resting period and
not ABP during daily activities, due to increased sympa-
thetic activity (Van Hoof et al., 1989).
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We have already reported improvements in post-load
glucose concentration during an oral glucose tolerance
test (Kleinloog et al., 2019). However, fasting glucose and
insulin concentrations and the homeostatic model as-
sessment index as a measure of insulin resistance did not
change (Kleinloog et al., 2019). We now found that CGM
and the serum lipid profile did not change following exer-
cise training. In our study, body weight remained stable,
while improvements in the serum lipid profile in other
studies often coincided with weight reduction (Bateman
et al., 2011; Katzmarzyk et al., 2003; Malin et al., 2012;
Yassine et al., 2009). Beneficial effects in these studies
may, therefore, not be attributed to the exercise interven-
tion alone. In addition, our study population may have
been too healthy to improve metabolic risk markers.
Indeed, Couillard et al. (2001) only observed the bene-
ficial effects of an exercise intervention on these serum
lipids in participants with metabolic disorders.

This randomized, controlled, cross-over trial had
a wash-out period of 12weeks. Although VO,peak re-
turned to baseline, we cannot exclude that some out-
come parameters had not yet returned to baseline after
the wash-out period. The decrease in brachial baseline
diameters may have increased shear stress resulting in
an increased FMD. Unfortunately, we did not determine
flow stimuli and reactive hyperemia data can thus not be
reported. Estimates of the carotid diameter were lower
during the baseline period of the CAR compared with
assessments during five-to-six heartbeats, which may
be due to the differences in the software used. Multiple,
possibly interrelated, markers for vascular function
were affected, while we also observed effects on office
blood pressure, which makes it impossible to estimate
the overall effect on CVD risk reduction. Also, we might
have been underpowered to detect differences in some
of the described outcome parameters. This trial was per-
formed only on overweight and obese men with an age
between 60 and 70years to reduce gender differences as
an extra source of variability in particular for the pri-
mary outcome parameter of this study (CBF), which has
been published before (Kleinloog et al., 2019).

This trial provides evidence that aerobic exercise train-
ing in sedentary overweight and obese older men improves
not only FMD but also CAR responses and retinal arteriolar
width. These effects may be important mechanisms by which
aerobic exercise training reduces age-related health problems,
such as CVD and cognitive decline. The results of exercise
training on local carotid stiffness warrant further study.

AUTHOR CONTRIBUTIONS

The authors’ contributed as follows; JK: designed and con-
ducted the study, performed the statistical analyses, inter-
preted the data, and wrote the manuscript, RM: designed

the study, interpreted the data, had overall responsibility
for the study, and wrote the manuscript, JR: set up vas-
cular function measurements, interpreted the data, and
reviewed the manuscript, DT: set up the CAR measure-
ment, interpreted the data, and reviewed the manuscript,
MH: designed the exercise protocol, and reviewed the
manuscript, and PJ: designed the study, interpreted the
data, had overall responsibility for the study, and wrote
the manuscript.

ACKNOWLEDGMENTS

We would like to thank the cardiologist prof. dr. HJ.G.M.
Crijns for his time and expertise for assessing the ECGs.
Additionally, we would like to thank E.T.H.C. Smeets,
N.C.C. Thijssen, and K.M.R. Nijssen for their assistance
during the experimental phase of the trial. Finally, we
thank our participants for their cooperation and enthu-
siasm. The results of the study are presented clearly,
honestly, and without fabrication, falsification, or inap-
propriate data manipulation.

CONFLICT OF INTEREST

The project is organized by and executed under the aus-
pices of TiFN, a public-private partnership on precom-
petitive research in food and nutrition. Funding was
obtained from the Netherlands Organization for Scientific
Research. The authors have declared that no competing
interests exist. The datasets analyzed during the current
study are available from the last author on reasonable
request.

ORCID

Jordi P. D. Kleinloog » https://orcid.org/0000-0001-5861-9656
Ronald P. Mensink 2 https://orcid.org/0000-0002-8908-3580
Jos op’t. Roodt (2 https://orcid.org/0000-0003-3535-6894

Dick H. J. Thijssen ‘© https://orcid.org/0000-0002-7707-5567
Matthijs K. C. Hesselink  https://orcid.
org/0000-0003-3084-0687

Peter J. Joris (2 https://orcid.org/0000-0001-6852-5776

REFERENCES

Ashor, A. W,, Lara, J., Siervo, M., Celis-Morales, C., & Mathers, J. C.
(2014). Effects of exercise modalities on arterial stiffness and
wave reflection: A systematic review and meta-analysis of ran-
domized controlled trials. PLoS One, 9, e110034.

Atkinson, G., & Batterham, A. M. (2013). Allometric scaling of di-
ameter change in the original flow-mediated dilation protocol.
Atherosclerosis, 226, 425-427.

Bateman, L. A., Slentz, C. A., Willis, L. H., Shields, A. T., Piner,
L. W, Bales, C. W., Houmard, J. A., & Kraus, W. E. (2011).
Comparison of aerobic versus resistance exercise training ef-
fects on metabolic syndrome (from the studies of a targeted risk
reduction intervention through defined exercise - strride-at/rt).
The American Journal of Cardiology, 108, 838-844.


https://orcid.org/0000-0001-5861-9656
https://orcid.org/0000-0001-5861-9656
https://orcid.org/0000-0002-8908-3580
https://orcid.org/0000-0002-8908-3580
https://orcid.org/0000-0003-3535-6894
https://orcid.org/0000-0003-3535-6894
https://orcid.org/0000-0002-7707-5567
https://orcid.org/0000-0002-7707-5567
https://orcid.org/0000-0003-3084-0687
https://orcid.org/0000-0003-3084-0687
https://orcid.org/0000-0003-3084-0687
https://orcid.org/0000-0001-6852-5776
https://orcid.org/0000-0001-6852-5776

KLEINLOOG ET AL.

Benjamin, E. J., Virani, S. S., Callaway, C. W., Chamberlain, A. M.,
Chang, A. R,, Cheng, S., Chiuve, S. E., Cushman, M., Delling,
F. N., Deo, R., De Ferranti, S. D., Ferguson, J. F., Fornage, M.,
Gillespie, C., Isasi, C. R., Jiménez, M. C., Jordan, L. C., Judd, S.
E., Lackland, D., ... Muntner, P. (2018). Heart disease and stroke
statistics - 2018 update: A report from the American Heart
Association. Circulation, 137, €67-€492.

Buckley, B. J. R., Watson, P. M., Murphy, R. C., Graves, L. E. F,,
Whyte, G., & Thijssen, D. H. J. (2019). Carotid artery function
is restored in subjects with elevated cardiovascular disease risk
after a 12-week physical activity intervention. The Canadian
Journal of Cardiology, 35, 23-26.

Cohn, J. N,, Quyyumi, A. A., Hollenberg, N. K., & Jamerson, K.
A. (2004). Surrogate markers for cardiovascular disease:
Functional markers. Circulation, 109, 31-46.

Cornelissen, V. A., Buys, R., & Smart, N. A. (2013). Endurance ex-
ercise beneficially affects ambulatory blood pressure: A sys-
tematic review and meta-analysis. Journal of Hypertension, 31,
639-648.

Cornelissen, V. R. A., & Fagard, R. H. (2005). Effects of endurance train-
ing on blood pressure, blood pressure-regulating mechanisms,
and cardiovascular risk factors. Hypertension, 46, 667-675.

Couillard, C., Despres, J. P., Lamarche, B., Bergeron, J., Gagnon, J.,
Leon, A.S.,Rao, D. C., Skinner, J. S., Wilmore, J. H., & Bouchard,
C. (2001). Effects of endurance exercise training on plasma hdl
cholesterol levels depend on levels of triglycerides: Evidence
from men of the health, risk factors, exercise training and ge-
netics (heritage) family study. Arteriosclerosis, Thrombosis, and
Vascular Biology, 21, 1226-1232.

Craig, C. L., Marshall, A. L., Sjostrom, M., Bauman, A. E., Booth, M.
L., Ainsworth, B. E., Pratt, M., Ekelund, U., Yngve, A., Sallis,
J. F., & Oja, P. (2003). International physical activity question-
naire: 12-country reliability and validity. Medicine and Science
in Sports and Exercise, 35, 1381-1395.

D'Agostino, R. B., Sr., Vasan, R. S., Pencina, M. J., Wolf, P. A., Cobain,
M., Massaro, J. M., & Kannel, W. B. (2008). General cardiovas-
cular risk profile for use in primary care: The Framingham
heart study. Circulation, 117, 743-753.

Ding, J., Wai, K. L., McGeechan, K., Ikram, M. K., Kawasaki, R., Xie,
I, Klein, R., Klein, B. B., Cotch, M. F., Wang, J. J., Mitchell, P.,
Shaw, J. E., Takamasa, K., Sharrett, A. R., & Wong, T. Y. (2014).
Retinal vascular caliber and the development of hyperten-
sion: A meta-analysis of individual participant data. Journal of
Hypertension, 32, 207-215.

Donley, D. A., Fournier, S. B., Reger, B. L., DeVallance, E.,
Bonner, D. E., Olfert, I. M., Frisbee, J. C., & Chantler, P. D.
(2014). Aerobic exercise training reduces arterial stiffness
in metabolic syndrome. Journal of Applied Physiology, 116,
1396-1404.

Early, K. S., Stewart, A., Johannsen, N., Lavie, C. J., Thomas, J. R.,
& Welsch, M. (2017). The effects of exercise training on bra-
chial artery flow-mediated dilation: A meta-analysis. Journal
of Cardiopulmonary Rehabilitation and Prevention, 37, 77-89.

Edwardson, C. L., Winkler, E. A. H., Bodicoat, D. H., Yates, T., Davies,
M.J,, Dunstan, D. W., & Healy, G. N. (2017). Considerations when
using the activpal monitor in field-based research with adult pop-
ulations. Journal of Sport and Health Science, 6, 162-178.

FAO/WHO. (1998). Carbohydrates in human nutrition. Report of
a joint fao/WHO expert consultation. FAO Food and Nutrition
Paper, 66, 1-140.

. . 11 of 12
N/Bog =) Physiological ReportsJ—

Gorelick, P. B., Scuteri, A., Black, S. E., Decarli, C., Greenberg,
S. M., Iadecola, C., Launer, L. J., Laurent, S., Lopez, O. L.,
Nyenhuis, D., Petersen, R. C., Schneider, J. A., Tzourio, C.,
Arnett, D. K., Bennett, D. A., Chui, H. C., Higashida, R. T.,
Lindquist, R., Nilsson, P. M., ... Seshadri, S. (2011). Vascular
contributions to cognitive impairment and dementia: A
statement for healthcare professionals from the American
Heart Association/american stroke association. Stroke, 42,
2672-2713.

Green, D. J., O'Driscoll, G., Joyner, M. J., & Cable, N. T. (2008).
Exercise and cardiovascular risk reduction: Time to update
the rationale for exercise? Journal of Applied Physiology, 105,
766-768.

Hanssen, H., Nickel, T., Drexel, V., Hertel, G., Emslander, I., Sisic,
Z., Lorang, D., Schuster, T., Kotliar, K. E., Pressler, A., Schmidt-
Trucksass, A., Weis, M., & Halle, M. (2011). Exercise-induced
alterations of retinal vessel diameters and cardiovascular risk
reduction in obesity. Atherosclerosis, 216, 433-439.

Hubbard, L. D., Brothers, R. J., King, W. N., Clegg, L. X., Klein, R.,
Cooper, L. S., Sharrett, A. R., Davis, M. D., & Cai, J. (1999).
Methods for evaluation of retinal microvascular abnormal-
ities associated with hypertension/sclerosis in the athero-
sclerosis risk in communities study. Ophthalmology, 106,
2269-2280.

IPAQ Research Committee. (2005). Guidelines for data processing
and analysis of the international physical activity questionnaire
(ipaq) - short and long forms. https://sites.google.com/site/
theipaq/scoring-protocol.

Joris, P. J., Plat, J., Kusters, Y. H., Houben, A. J., Stehouwer, C. D.,
Schalkwijk, C. G., & Mensink, R. P. (2017). Diet-induced weight
loss improves not only cardiometabolic risk markers but also
markers of vascular function: A randomized controlled trial
in abdominally obese men. The American Journal of Clinical
Nutrition, 105, 23-31.

Katzmarzyk, P. T., Leon, A. S., Wilmore, J. H., Skinner, J. S., Rao,
D. C., Rankinen, T., & Bouchard, C. (2003). Targeting the met-
abolic syndrome with exercise: Evidence from the heritage
family study. Medicine and Science in Sports and Exercise, 35,
1703-1709.

Kleinloog, J. P. D., Mensink, R. P., Ivanov, D., Adam, J. J., Uludag, K.,
& Joris, P. J. (2019). Aerobic exercise training improves cerebral
blood flow and executive function: A randomized, controlled
cross-over trial in sedentary older men. Frontiers in Aging
Neuroscience, 11, 333.

Kochli, S., Endes, K., Infanger, D., Zahner, L., & Hanssen, H. (2018).
Obesity, blood pressure, and retinal vessels: A meta-analysis.
Pediatrics, 141, €20174090.

Lim, J., Pearman, M. E., Park, W., Alkatan, M., Machin, D. R., &
Tanaka, H. (2015). Impact of blood pressure perturbations on
arterial stiffness. American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology, 309, R1540-R1545.

Malin, S. K., Niemi, N., Solomon, T. P., Haus, J. M., Kelly, K. R,,
Filion, J., Rocco, M., Kashyap, S. R., Barkoukis, H., & Kirwan,
J. P. (2012). Exercise training with weight loss and either a
high- or low-glycemic index diet reduces metabolic syndrome
severity in older adults. Annals of Nutrition & Metabolism, 61,
135-141.

Maruhashi, T., Soga, J., Fujimura, N., Idei, N., Mikami, S., Iwamoto,
Y., Iwamoto, A., Kajikawa, M., Matsumoto, T., Oda, N.,
Kishimoto, S., Matsui, S., Hashimoto, H., Aibara, Y., Yusoff, F.


https://sites.google.com/site/theipaq/scoring-protocol
https://sites.google.com/site/theipaq/scoring-protocol

KLEINLOOG ET AL.

12 of 12 . . The
4|—Phy5|o|og|cal Reports = /Mo

M., Hidaka, T., Kihara, Y., Chayama, K., Noma, K., ... Higashi, Y.
(2018). Brachial artery diameter as a marker for cardiovascular
risk assessment: FMD-J study. Atherosclerosis, 268, 92-98.

McLay, K. M., Nederveen, J. P., Koval, I. J., Paterson, D. H., & Murias,
J. M. (2018). Allometric scaling of flow-mediated dilation: Is it
always helpful? Clinical Physiology and Functional Imaging, 38,
663-669.

Pedralli, M. L., Marschner, R. A., Kollet, D. P., Neto, S. G., Eibel, B.,
Tanaka, H., & Lehnen, A. M. (2020). Different exercise training
modalities produce similar endothelial function improvements
in individuals with prehypertension or hypertension: A ran-
domized clinical trial. Scientific Reports, 10, 7628.

Qiu, S., Cai, X., Yin, H., Sun, Z., Ziigel, M., Steinacker, J. M., &
Schumann, U. (2018). Exercise training and endothelial
function in patients with type 2 diabetes: A meta-analysis.
Cardiovascular Diabetology, 17, 64.

Rapsomaniki, E., Timmis, A., George, J., Pujades-Rodriguez, M.,
Shah, A. D., Denaxas, S., White, I. R., Caulfield, M. J., Deanfield,
J. E., Smeeth, L., Williams, B., Hingorani, A., & Hemingway, H.
(2014). Blood pressure and incidence of twelve cardiovascular
diseases: Lifetime risks, healthy life-years lost, and age-specific
associations in 1.25 million people. Lancet, 383, 1899-1911.

Ras, R. T., Streppel, M. T., Draijer, R., & Zock, P. L. (2013). Flow-
mediated dilation and cardiovascular risk prediction: A sys-
tematic review with meta-analysis. International Journal of
Cardiology, 168, 344-351.

Seals, D. R., DeSouza, C. A., Donato, A. J., & Tanaka, H. (2008).
Habitual exercise and arterial aging. Journal of Applied
Physiology, 105, 1323-1332.

Seals, D. R., Nagy, E. E., & Moreau, K. L. (2019). Aerobic exercise
training and vascular function with ageing in healthy men and
women. The Journal of Physiology, 597, 4901-4914.

Slivovskaja, I., Ryliskyte, L., Serpytis, P., Navickas, R., Badariené,
J., Celutkiene, J., Puronaite, R., Ryliskiene, K., Cypiene, A.,
Rinkuniene, E., Sileikiene, V., Petrauskiene, B., Juocevicius,
A., & Laucevicius, A. (2018). Aerobic training effect on arte-
rial stiffness in metabolic syndrome. The American Journal of
Medicine, 131, 148-155.

Son, Y., Kim, K., Jeon, S., Kang, M., Lee, S., & Park, Y. (2017). Effect
of exercise intervention on flow-mediated dilation in over-
weight and obese adults: Meta-analysis. International Journal
of Vascular Medicine, 11, 7532702.

Spronck, B., Avolio, A. P.,, Tan, I, Butlin, M., Reesink, K. D., &
Delhaas, T. (2017). Arterial stiffness index beta and cardio-
ankle vascular index inherently depend on blood pressure but
can be readily corrected. Journal of Hypertension, 35, 98-104.

Stewart, C. V., Tsai, C. L., & Roysam, B. (2003). The dual-bootstrap
iterative closest point algorithm with application to retinal
image registration. IEEE Transactions on Medical Imaging, 22,
1379-1394.

Sutton-Tyrrell, K., Najjar, S. S., Boudreau, R. M., Venkitachalam,
L., Kupelian, V., Simonsick, E. M., Havlik, R., Lakatta, E. G.,
Spurgeon, H., Kritchevsky, S., Pahor, M., Bauer, D., & Newman,
A. (2005). Elevated aortic pulse wave velocity, a marker of arte-
rial stiffness, predicts cardiovascular events in well-functioning
older adults. Circulation, 111, 3384-3390.

Tanaka, H. (2017). Various indices of arterial stiffness: Are they
closely related or distinctly different? Pulse, 5, 1-6.

Tanaka, H. (2019). Antiaging effects of aerobic exercise on systemic
arteries. Hypertension, 74, 237-243.

Tanaka, H., Dinenno, F. A., Monahan, K. D., Clevenger, C. M.,
Desouza, C. A., & Seals, D. R. (2000). Aging, habitual exercise,
and dynamic arterial compliance. Circulation, 102, 1270-1275.

Thijssen, D. H. J., Bruno, R. M., van Mil, A,, Holder, S. M., Faita, F.,
Greyling, A., Zock, P. L., Taddei, S., Deanfield, J. E., Luscher,
T., Green, D. J., & Ghiadoni, L. (2019). Expert consensus and
evidence-based recommendations for the assessment of flow-
mediated dilation in humans. European Heart Journal, 40,
2534-2547.

Touboul, P. J., Hennerici, M. G., Meairs, S., Adams, H., Amarenco,
P., Bornstein, N., Csiba, L., Desvarieux, M., Ebrahim, S.,
Hernandez Hernandez, R., Jaff, M., Kownator, S., Naqvi, T.,
Prati, P, Rundek, T., Sitzer, M., Schminke, U., Tardif, J. C.,
Taylor, A., ... Woo, K. S. (2012). Mannheim carotid intima-
media thickness and plaque consensus (2004-2006-2011).
Cerebrovascular Diseases, 34, 290-296.

Townsend, R. R. (2017). Arterial stiffness: Recommendations and
standardization. Pulse (Basel), 4, 3-7.

Van Hoof, R., Hespel, P., Fagard, R., Lijnen, P., Staessen, J., & Amery,
A. (1989). Effect of endurance training on blood pressure at
rest, during exercise and during 24 hours in sedentary men. The
American Journal of Cardiology, 63, 945-949.

van Mil, A. C., Hartman, Y., van Oorschot, F., Heemels, A., Bax,
N., Dawson, E. A., Hopkins, N., Hopman, M. T., Green, D. J,,
Oxborough, D. L., & Thijssen, D. H. (2017). Correlation of ca-
rotid artery reactivity with cardiovascular risk factors and cor-
onary artery vasodilator responses in asymptomatic, healthy
volunteers. Journal of Hypertension, 35, 1026-1034.

Van Mil, A. C. C. M., Pouwels, S., Wilbrink, J., Warlé, M. C., &
Thijssen, D. H. J. (2019). Carotid artery reactivity predicts
events in peripheral arterial disease patients. Annals of Surgery,
269, 767-773.

van Popele, N. M., Grobbee, D. E., Bots, M. L., Asmar, R., Topouchian,
J., Reneman, R. S., Hoeks, A. P., van der Kuip, D. A., Hofman, A.,
& Witteman, J. C. (2001). Association between arterial stiffness
and atherosclerosis: The Rotterdam study. Stroke, 32, 454-460.

Yassine, H. N., Marchetti, C. M., Krishnan, R. K., Vrobel, T. R.,
Gonzalez, F., & Kirwan, J. P. (2009). Effects of exercise and
caloric restriction on insulin resistance and cardiometabolic
risk factors in older obese adults - a randomized clinical trial.
The Journals of Gerontology. Series A, Biological Sciences and
Medical Sciences, 64, 90-95.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Kleinloog, J. P. D.,
Mensink, R. P., Roodt, J. 0., Thijssen, D. H. J.,
Hesselink, M. K. C., & Joris, P. J. (2022). Aerobic
exercise training improves not only brachial artery
flow-mediated vasodilatation but also carotid artery
reactivity: A randomized controlled, cross-over trial
in older men. Physiological Reports, 10, €15395.
https://doi.org/10.14814/phy2.15395



https://doi.org/10.14814/phy2.15395

	Aerobic exercise training improves not only brachial artery flow-­mediated vasodilatation but also carotid artery reactivity: A randomized controlled, cross-­over trial in older men
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study participants and design
	2.2|Anthropometrics
	2.3|Vascular measurements
	2.3.1|Central vasculature
	2.3.2|Peripheral vasculature
	2.3.3|Retinal microvasculature

	2.4|Cardiometabolic risk markers
	2.5|Continuous glucose monitoring and physical activity
	2.6|Statistical analyses

	3|RESULTS
	3.1|Study participants
	3.2|Vascular measurements
	3.2.1|Central vasculature
	3.2.2|Peripheral vasculature
	3.2.3|Retinal microvasculature
	3.2.4|Cardiometabolic risk markers

	3.3|Continuous glucose monitoring and physical activity

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


