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BACKGROUND: Arterial stiffness is an independent risk factor for cardiovascular disease and can be beneficially influenced by
physical activity. However, it is not clear how an individual’s physical activity pattern over a week is associated with arterial
stiffness. Therefore, we examined the associations of the amount and pattern of higher intensity physical activity with arterial
stiffness.

METHODS AND RESULTS: Data from the Maastricht Study (n=1699; mean age: 60+8 years, 49.4% women, 26.9% type 2 diabe-
tes mellitus) were used. Arterial stiffness was assessed by carotid-to-femoral pulse wave velocity and carotid distensibility. The
amount (continuous variable as h/wk) and pattern (categorical variable) of higher intensity physical activity were assessed with
the activPALS. Activity groups were: inactive (<75 min/wk), insufficiently active (75-150 min/wk), weekend warrior (>150 min/
wk in €2 sessions), and regularly active (>150 min/wk in >3 sessions). In the fully adjusted model (adjusted for demographic,
lifestyle, and cardiovascular risk factors), higher intensity physical activity was associated with lower carotid-to-femoral pulse
wave velocity (@amount: 8 = —0.05, 95% ClI, —0.09 to —0.01; insufficiently active: 3 = —=0.33, 95% Cl, —-0.55 to —0.11; weekend
warrior: 3 = -0.38, 95% Cl, —0.64 to —0.12; and regularly active: 3 = -0.46, 95% Cl, —0.71 to —0.21 [reference: inactive]). These
associations were stronger in those with type 2 diabetes mellitus. There was no statistically significant association between
higher intensity physical activity with carotid distensibility.

CONCLUSIONS: Participating in higher intensity physical activity was associated with lower carotid-to-femoral pulse wave ve-
locity, but there was no difference between the regularly actives and the weekend warriors. From the perspective of arterial
stiffness, engaging higher intensity physical activity, regardless of the weekly pattern, may be an important strategy to reduce
the risk of cardiovascular disease, particularly in individuals with type 2 diabetes mellitus.
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cardiovascular disease (CVD)"? and can be pos-
itively influenced by physical activity,>-® possibly

via improvement of endothelial function."9-18
International physical activity guidelines re-
commend at least 150 minutes per week of

Arterial stiffness is an independent risk factor for

moderate-to-vigorous physical activity divided over
several days.'*'® However, it is unclear whether the
pattern of moderate-to-vigorous physical activity
sessions is important in lowering arterial stiffness
and eventually CVD risk. So-called weekend war-
riors are people who conduct a significant part of the
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CLINICAL PERSPECTIVE
What Is New

e We tested for the first time the association be-
tween accelerometry-derived amount and pat-
tern of higher intensity physical activity and arterial
stiffness in a large population-based studly.

What Are the Clinical Implications?

e Participating in higher intensity physical activity
was associated with lower carotid-to-femoral
pulse wave velocity, but there was no differ-
ence between the regularly actives (those who
spread their activity over the week) and the
weekend warriors (those who conduct the ma-
jority of their activity in 1 or 2 sessions per week)

¢ In individuals with type 2 diabetes mellitus, the
association between higher intensity physical
activity and carotid-to-femoral pulse wave ve-
locity was stronger.

e Engaging in higher intensity physical activity,
regardless of the weekly pattern, may be an
important strategy to reduce the risk of cardio-
vascular disease, particularly in individuals with
type 2 diabetes mellitus.

Nonstandard Abbreviations and Acronyms

cfPWV carotid-to-femoral pulse wave velocity
DC distensibility coefficient

HR heart rate

T2DM type 2 diabetes mellitus

recommended weekly amount of moderate-to-vigor-
ous physical activity in only 1 or 2 weekly sessions,
whereas other people spread this more regularly
over the week. In the literature on physical activity
patterns, data from several studies have shown con-
tradictory results on the effect of different physical
activity patterns on CVD health and mortality.*'®'7 In
addition, physical activity in these studies was as-
sessed through interviews and questionnaires,*'”
and only 1 study reported objectively measured pat-
tern data by an accelerometer.'® More objectively
measured data are needed to identify whether differ-
ent patterns of physical activity are equally beneficial
in lowering arterial stiffness in individuals.

In light of this, we investigated the association be-
tween objectively measured amounts and patterns
of higher intensity physical activity, ie, weekend war-
riors and regularly actives, and arterial stiffness, as
assessed by carotid-to-femoral pulse wave velocity
(cfPWV) and the carotid distensibility coefficient (DC).
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METHODS

The data that support the findings of this study are
available from the corresponding author and the
Maastricht Study management team (research.dms@
mumec.nl) upon reasonable request for researchers
who meet the criteria for access to confidential data.

Study Population

We used data from the Maastricht Study, an obser-
vational prospective population-based cohort study.
The rationale and methodology have been described
previously.'®

In brief, the study focuses on the etiology, patho-
physiology, complications, and comorbidities of type
2 diabetes mellitus (T2DM), and is characterized by
an extensive phenotyping approach. Eligible partici-
pants were individuals between 40 and 75 years of
age and living in the southern part of the Netherlands.
Participants were recruited through mass media
campaigns and from the municipal registries and
the regional Diabetes Patient Registry via mailings.
Recruitment was stratified according to known T2DM
status, with an oversampling of individuals with
T2DM, for reasons of efficiency. This study included
cross-sectional data from 3451 participants, who
completed the baseline survey between November
2010 and September 2013. The examinations of
each participant were performed within a time win-
dow of 3 months.

The study was approved by the institutional medical
ethical committee (NL31329.068.10) and the Minister of
Health, Welfare, and Sports of the Netherlands (Permit
No. 131088- 105234-PG). All participants gave written
informed consent.

MEASUREMENTS

Arterial Stiffness Measurements

All measurements were done by trained vascular
technicians unaware of the participants’ clinical or
DM status, in a dark, quiet temperature-controlled
room (21-23°C). Participants were asked to refrain
from smoking and drinking coffee, tea, or alcoholic
beverages 3 hours prior to the study. Participants
were allowed to have a light meal (breakfast and/
or lunch). All measurements were performed in the
supine position after 10 minutes of rest. Talking or
sleeping was not allowed during the examination.
During the vascular measurements (approximately
45 minutes), brachial systolic, diastolic, and mean
arterial pressure (MAP) were determined every 5
minutes with an oscillometric device (Accutorr Plus;
Datascope Inc, Montvale, NJ). The mean MAP and
heart rate (HR) of these measurements were used in
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the statistical analysis. A 3-lead ECG was recorded
continuously during the measurements to facilitate
automatic signal processing.

Carotid-to-Femoral Pulse Wave Velocity

cfPWV was determined according to recent guide-
lines' with the use of applanation tonometry
(SphygmoCor; Atcor Medical, Sydney, Australia).
Pressure waveforms were determined at the right
common carotid and right common femoral arteries.
Difference in the time of pulse arrival from the R-wave
of the ECG between the 2 sites (transit time) was de-
termined with the intersecting tangents algorithm. The
pulse wave travel distance was calculated as 80% of
the direct straight distance (measured with an infan-
tometer) between the 2 arterial sites. The median of
3 consecutive cfPWV (defined as traveled distance/
transit time) recordings was used in the analyses.

Carotid Arterial Elastic Properties

Data Acquisition

Measurements were done at the left common ca-
rotid (10 mm proximal to the carotid bulb), the right
common femoral (10-20 mm proximal to the flow
divider), and the right brachial (20 mm proximal to
the antecubital fossa) arteries, with the use of an
ultrasound scanner equipped with a 7.5-MHz linear
probe (MylLab 70; Esaote Europe B.V., Maastricht,
the Netherlands). This setup enables the measure-
ment of diameter, distension, and intima-media
thickness as described previously.?>2" Briefly, during
the ultrasound measurements a B-mode image on
the basis of 19 M-lines was depicted onscreen, and
an online echo-tracking algorithm showed real-time
anterior and posterior arterial wall displacements.
The M-mode recordings were composed of 19 si-
multaneous recordings at a frame rate of 498 Hz. The
distance between the M-line recording positions was
0.96 mm; thus, a total segment of 18.24 mm of each
artery was covered by the scan plane. For offline
processing, the radiofrequency signal was fed into
a dedicated personal-computer—based acquisition
system (ART.LAB; Esaote Europe B.V. with a sam-
pling frequency of 50 MHz. Data processing was per-
formed in MATLAB (version 7.5; MathWorks, Natick,
MA). The distension waveforms were obtained from
the radiofrequency data with the use of a wall track
algorithm.?° The median diameter and distension of 3
measurements were used in the analyses.

Statistical Analysis
The local arterial elastic property was quantified by cal-
culating the following indices®?:
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The DC represents arterial stiffness.

DC= (2AD*D+AD2) / (PP*DZ) (107%kPa™)

where D is the arterial diameter; AD is the distension;
and PP is the brachial pulse pressure (calculated as
systolic minus diastolic blood pressure).

Reproducibility

Reproducibility was assessed in 12 individuals (6 men,
women; 60.8+6.8 years; 6 T2DM) who were examined
by 2 observers at 2 occasions spaced 1 week apart.
The intra-observer and inter-observer intraclass corre-
lation coefficients were for cfPWV 0.87 and 0.69; and
for carotid DC 0.85 and 0.73.

Physical activity measurements:
Accelerometry data
Daily activity levels were measured using the activ-
PAL3 physical activity monitor (PAL Technologies,
Glasgow, UK). The activPAL3 is a small (53x35x7 mm),
lightweight (15 g) triaxial accelerometer that records
movement in the vertical, anteroposterior, and medi-
olateral axes, and also determines posture (sitting or
lying, standing, and stepping) based on acceleration
information. The device was attached directly to the
skin on the front of the right thigh with transparent
3M Tegaderm tape, after the device had been wa-
terproofed using a nitrile sleeve. Participants were
asked to wear the accelerometer for 8 consecutive
days, without removing it at any time. To avoid in-
accurately identifying nonwear time, participants
were asked not to replace the device once removed.
Data were uploaded using the activPAL software
and processed using customized software written
in MATLAB R2013b (MathWorks).?® Data from the
first day were excluded from the analysis because
participants performed physical function tests at the
research center after the device was attached. In
addition, data from the final wear day providing <14
waking hours of data were excluded from the anal-
ysis. Participants were included if they provided at
least 6 valid days (>10 hours of waking data per day).
We calculated the amount of higher intensity
physical activity as the time, in hours per week,
spent in higher intensity physical activity, defined as
stepping time with a step frequency >110 steps per
minute. Weekly activity pattern categories based on
higher intensity physical activity were defined as: in-
active, <75 minutes of higher intensity physical activ-
ity per week; insufficiently active, 75 to 150 minutes
of higher intensity physical activity per week; and
sufficiently active, >150 minutes of higher intensity



Vandercappellen et al

Physical Activity and Arterial Stiffness

The Maasticht Study cohort
N=3451

Excluded due to (not mutually exclusive):
- TIDM or other type DM =41
- Missing BMI =3
- ActivPAL data:
* Did not recieve an ActivPAL = 673
* 0 valid days = 76
* Invalid data = 60
* Measurments less than 6 days = 391
- Missing cfPWV or Car DC = 483
- Missing Medication =4
- Missing history of CVD = 108
- Missing smoking status = 63
- Missing alcohol use = 69
- Missing education level = 77
- Missing Mobility limitations = 94

- Missing cholesterol=4

|

Inactive
N =494

Insufficiently active
N =483

Sufficiently active
N =722

l I

Weekend Warrior
N =313

Regularly active
N =409

Figure 1.

Flow diagram of the study populations with available data.

BMI indicates body mass index; Car DC, carotid distensibility coefficient; cfPWV, carotid-to-femoral pulse wave velocity; CVD,

cardiovascular disease; and T1DM, type 1 diabetes mellitus.

physical activity per week. The sufficiently active
category was further subdivided into weekend war-
rior and regularly active participants. In accordance
with previous research,'® weekend warriors were
defined as participants who did >50% of the weekly
higher intensity physical activity on only 1 or 2 days.'®
Regularly active participants were participants who
did their higher intensity physical activity in >3 days.
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Thus, we defined 4 groups: (1) inactive (<75 minutes
of higher intensity physical activity per week), (2) in-
sufficiently active (75-150 minutes of higher inten-
sity physical activity per week), (3) weekend warrior
(>150 minutes of higher intensity physical activity
per week with more than 50% of the higher intensity
physical activity in 1 or 2 days), and (4) regularly ac-
tive (>150 minutes of higher intensity physical activity
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Table 1. Descriptive Characteristics of the Study Population (n=1699)
Insufficiently Weekend Regularly
Total Inactive Active Warrior Active

Characteristics (n=1699) (n=494) (n=483) (n=313) (n=409) P Value
Age (y) 60.45 (7.88) 62.67 (7.84) 60.73 (7.88) 59.43 (7.38) 58.22 (7.56) <0.01
Sex (% male) 50.6 70.6 46.4 48.2 31.8 <0.01
Education level (%) <0.01

Low 325 38.1 32.3 30.0 281

Medium 28.6 271 31.1 24.0 31.1

High 38.8 34.8 36.6 46.0 40.8
Mean arterial pressure 96.71 (10.27) 97.27 (10.44) 97.46 (10.17) 96.59 (10.17) 95.25 (10.12) <0.01
(mm Hg)
Mean heart rate (bpm) 62 (9) 64 (10) 63 (9) 60 (9) 61 (8) <0.01
Smoking status (%) <0.01

Current 1.9 17.6 9.5 6.7 n7

Former 53.4 53.4 55.5 55.0 49.6

Never 34.7 28.9 35.0 38.3 38.6
Alcohol consumption (%) <0.01

None 17.3 21.7 16.8 11.8 16.9

Low 56.5 56.1 59.4 59.4 51.3

High 26.2 22.3 23.8 28.8 31.8
Mobility limitations (%) <0.01

Yes 19.8 33.8 17.8 10.5 12.2

No 80.2 66.2 82.2 89.5 87.8
BMI (kg/m?) 26.77 (4.16) 28.50 (4.63) 26.82 (3.86) 25.79 (3.54) 25.36 (3.55) <0.01
History of CVD (%) 16.2 23.3 18.2 10.5 9.8 <0.01
DM status (%) <0.01

Yes 26.9 46.6 26.5 15.7 12.2

No 731 53.4 73.5 84.3 87.8
Antihypertensive medication use (%) 40.3 57.3 39.8 30.7 27.6 <0.01
Lipid-modifying medication use (%) 36.7 53.0 35.6 27.5 25.2 <0.01
Glucose-lowering medication use (%) 21.0 374 211 1.5 8.1 <0.01
Total cholesterol to high-density- 3.40 (2.78-4.23) | 3.63 (3.00-4.39) 3.43(2.81-4.33) 3.28 (2.70-4.07) | 3.18 (2.56-3.91) <0.01
lipoprotein—cholesterol ratio
Triglycerides (mmol/L) 1.21(0.89-1.70) | 1.41 (1.07-2.01) 1.25 (0.92-1.70) 1.09 (0.81-1.53) | 1.05 (0.80-1.43) <0.01
cfPWV (m/s) 9.05 (2.16) 9.85 (2.40) 9.08 (2.08) 8.66 (1.82) 8.36 (1.87) <0.01
Carotid DC (10%/kPa) 14.29 (4.98) 13.53 (4.60) 14.09 (4.80) 15.00 (5.41) 14.90 (5.16) <0.01
Valid days (n) 6.65 (0.48) 6.64 (0.48) 6.65 (0.48) 6.56 (0.50) 6.72 (0.45) <0.01
Higher-intensity physical activity (min/wk) | 158.55 (124.86) 41.66 (19.13) 111.99 (22.03) 25919 (109.10) | 277.71 (116.82) <0.01

Values are means (SD) or median (Q1-Q3), unless stated otherwise. BMI indicates body mass index; cfPWV, carotid-to-femoral pulse-wave velocity; CVD,

cardiovascular disease; DC, distensibility coefficient; and DM, diabetes mellitus.

per week in >3 days). Also, we assessed the variation
of higher intensity physical activity per week per in-
dividual as a continuous weekly pattern variable by
calculating the coefficient of variation (SD/mean).

Covariates

Covariates, which were extracted from a question-
naire, included sex, age, level of education, smoking
status, alcohol consumption, energy intake, Greek
Mediterranean Diet score, mobility limitation, and

J Am Heart Assoc. 2020;9:e017502. DOI: 10.1161/JAHA.120.017502

history of CVD. Level of education was categorized
into low, medium, and high; smoking status was
categorized into never, former, and current smoker.
Alcohol consumption was categorized into noncon-
sumers, low consumers (<7 glasses per week for
women and <14 glasses per week for men), and
high consumers (>7 glasses per week for women
and >14 glasses per week for men). Energy intake
and dietary habits were obtained from a validated
food frequency questionnaire and calculated as the
mean energy intake (kcal) per day and adherence to
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Table 2. Associations of Higher-Intensity Physical Activity Amount and Pattern With cfPWV

Crude -0.22 (-0.27 to ~0.17)" Reference -0.77 (~1.08 to ~0.50)* ~119 (-1.48 to ~0.89)" ~1.48 (-1.76 to —1.21)*
1 ~0.10 (-0.14 to ~0.05)* Reference ~0.35 (-0.59 to ~0.10)" ~0.55 (~0.83 to —0.27)" ~0.66 (~0.93 to —0.39)"
2 ~0.07 (-0.11 to —0.03)" Reference ~0.39 (-0.60 to ~0.17)* ~0.46 (-0.72 to —0.21)* -0.54 (~0.78 to —0.29)*
3 ~0.05 (~0.09 to —0.01)* Reference ~0.33 (-0.55 to —0.11)" ~0.38 (~0.64 to ~0.12)* ~0.46 (-0.71 to —0.21)*

Regression results are presented as unstandardized coefficient Bs (95% Cls). The associations in model 1 are adjusted for age, sex, and diabetes mellitus
status. The associations in model 2 are additionally adjusted for mean arterial pressure and heart rate. The associations in model 3 are additionally adjusted
for history of cardiovascular disease, level of education, mobility limitation (yes/no), triglycerides, total-to-high-density-lipoprotein—cholesterol ratio, use of lipid-
modifying medication, use of antihypertensive medication, smoking, alcohol consumption, and body mass index. cfPWV indicates carotid-to-femoral pulse

wave velocity.
*Indicates statistical significance (P<0.05).

Greek Mediterranean Diet score. Mobility limitation
was obtained from the 36-ltem Short Form Health
Survey questionnaire and was defined as having dif-
ficulty walking 500 m or climbing up a flight of stairs.
Prevalent CVD was defined as a self-reported history
of myocardial infarction, cerebrovascular infarction
or hemorrhage, or percutaneous artery angioplasty
of, or vascular surgery on, the coronary, abdominal,
peripheral, or carotid arteries. The use of lipid-modi-
fying, antihypertensive (3-blockers, calcium channel
blockers, angiotensin-converting enzyme inhibitors,
angiotensin Il receptor blockers, and nonloop diuret-
ics) and glucose-lowering medication was assessed
during a medication interview.'® Body mass index,
triglycerides, and total cholesterol-to-high-density-
lipoprotein—cholesterol ratio were determined as de-
scribed elsewhere.'® T2DM was defined according to
the World Health Organization 2006 criteria.?*

Statistical Analysis

All data were analyzed using IBM SPSS software
version 25.0 for Windows (IBM Corp, Armonk, NY).
Characteristics of the total study population and ac-
cording to higher intensity physical activity patterns
were summarized as mean (SD) or as percentages.

The variables, total to-high-density-lipoprotein—cho-
lesterol ratio and triglycerides had a skewed distribu-
tion and were described using the median (interquartile
range).

Associations between the amount (continuous)
and pattern (categorical) of higher intensity physi-
cal activity and cfPWV and carotid DC were exam-
ined with the use of multivariable linear regression
models. Model 1 was adjusted for age, sex, and DM
status; model 2 was additionally adjusted for MAP
and HR during vascular measurements; and model 3
was additionally adjusted for history of CVD, level of
education, mobility limitations (yes/no), triglycerides,
total-to-high-density-lipoprotein—cholesterol  ratio,
lipid-modifying medication, antihypertensive med-
ication (B-blockers, calcium channel blockers, an-
giotensin-converting enzyme inhibitors, angiotensin
Il receptor blockers, and nonloop diuretics sepa-
rately), smoking status, alcohol use, and body mass
index. Several sensitivity analyses were performed:
We (1) adjusted for renin-angiotensin system inhibi-
tors separately instead of all antihypertensive med-
ication, (2) additionally adjusted for adherence to a
Greek Mediterranean Diet and kcal, and (3) adjusted
for 24-hour MAP and HR instead of MAP and HR
obtained during vascular measurements. Interaction

Table 3. Associations of Higher Intensity Physical Activity Amount and Pattern With Carotid DC

Crude 0.20 (0.09-0.32)* Reference 0.56 (~0.07 to 1.18) 1.47 (0.77 to 2.17)" 1.37 (0.72 to 2.02)*

1 0.05 (~0.06 t0 0.16) Reference 0.08 (~0.50 to 0.66) 0.52 (-0.14 t0 1.17) 0.24 (-0.39 10 0.87)
2 ~0.03 (-0.13 0 0.07) Reference 0.14 (-0.38 10 0.66) 0.24 (-0.35 10 0.84) ~0.11 (~0.68 10 0.46)
3 ~0.08 (-0.18 10 0.02) Reference 0.08 (~0.44 to 0.60) 0.07 (-0.55 t0 0.68) ~0.33 (-0.91 t0 0.26)

Regression results are presented as unstandardized coefficient Bs (95% Cls). The associations in model 1 are adjusted for age, sex and diabetes mellitus
status. The associations in model 2 are additionally adjusted for mean arterial pressure and heart rate. The associations in model 3 are additionally adjusted
for history of cardiovascular disease, level of education, mobility limitation (yes/no), triglycerides, total-to-high-density-lipoprotein—cholesterol ratio, use of
lipid-modifying medication, use of antihypertensive medication, smoking, alcohol consumption, and body mass index. DC indicates distensibility coefficient.

*Indicates statistical significance (P<0.05).

J Am Heart Assoc. 2020;9:e017502. DOI: 10.1161/JAHA.120.017502
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Table 4. Associations of Coefficient of Variation of Higher
Intensity Physical Activity With cfPWV and Carotid DC

Model

cfPWV Crude 0.24 (-0.13t0 0.61)
1 -0.06 (-0.39 t0 0.27)
2 —-0.01 (-0.30t0 0.29)
3 0.03 (-0.26 t0 0.32)

Carotid DC Crude 0.15 (-0.70 to 0.99)
1 0.39 (-0.38 t0 1.15)
2 0.24 (-0.45 t0 0.93)
3 0.20 (-0.48 to 0.89)

Regression results are presented as unstandardized coefficient Bs (95%
Cls). The associations in model 1 are adjusted for age, sex, and diabetes
mellitus status. The associations in model 2 are additionally adjusted for
mean arterial pressure and heart rate. The associations in model 3 are
additionally adjusted for history of cardiovascular disease, level of education,
mobility limitation (yes/no), triglycerides, total-to-high-density-lipoprotein—
cholesterol ratio, use of lipid-modifying medication, use of antihypertensive
medication, smoking, alcohol consumption, and body mass index. cfPWV
indicates carotid-to-femoral pulse wave velocity; and DC, distensibility
coefficient.

analyses were performed for sex and DM status. A
P value <0.05 for interaction was considered statisti-
cally significant.

RESULTS

From the initial 3451 participants, we excluded 41
participants with other types of diabetes mellitus
than T2DM, 1200 with accelerometer measurements
<6 days (of whom 673 did not receive an activPAL
because of logistics), 483 with missing cfPWV or ca-
rotid DC, and 69 who had other missing data. In total,
1699 participants were included in the present analysis

Physical Activity and Arterial Stiffness

(Figure 1). We compared the baseline characteristics of
the included and excluded populations and found that
the characteristics were similar (Table S1).

Table 1 shows that participants in the inactive
group, as compared with the more active participants,
were older, had a higher MAP and HR during vascular
measurements, had a higher body mass index, more
often had a history of CVD and T2DM, and more often
had mobility limitations.

Table 2 shows a statistically significant association
between the amount (continues, h/wk) of higher inten-
sity physical activity and cfPWV after full adjustment
for demographic, lifestyle, and cardiovascular risk fac-
tors (model 3) (regression coefficient 3 = —0.05 m/s;
95% ClI, —0.09 to —0.01). Regarding the pattern (cat-
egorical), compared to the inactives as the reference
group, in the fully adjusted model (model 3), cfPWV
was statistically significantly lower in the insufficiently
actives (B = —0.33 m/s; 95% Cl, —-0.55 to —0.11), week-
end warriors (3 = —0.38m/s; 95% Cl, —0.64 to —-0.12)
and regularly actives (3 = —0.46m/s; 95% Cl, -0.71 to
—-0.21). As shown in Table 2, age, sex, and DM status
(model 2) are major confounders.

As shown in Table 3, there were no statistically
significant associations between higher intensity
physical activity amount and patterns and carotid
DC after adjustment for age, sex, DM status, MAP,
and HR (model 2); and after additional adjustments
for history of CVD, level of education, mobility limita-
tion, triglycerides, total- to high-density-lipoprotein—
cholesterol ratio, use of lipid-modifying medication,
use of antihypertensive medication, smoking be-
havior, alcohol consumption, and body mass index
(model 3).

Table 5. Associations Between Higher Intensity Physical Activity Amount and Pattern and cfPWV, Stratified by DM Status

Amount Pattern
Total Higher Intensity
Model Physical Activity (h/wk) Inactive Insufficiently Active Weekend Warrior Regularly Active
Without T2DM
cfPWV Crude -0.11 (-0.16 to -0.06)* Reference -0.24 (-0.531t0 0.06) | —0.60 (-0.92 to —-0.28)* -0.86 (-1.16 to —0.56)*
1 -0.07 (-0.12 to —-0.02)* Reference -0.07 (-0.34t0 0.21) | -0.33 (-0.62 to —0.03)" -0.44 (-0.72 to -0.15)"
2 -0.05 (-0.09 to -0.01)* Reference -0.15 (-0.40 t0 0.10) | —0.30 (-0.56 to —0.03)" -0.35 (-0.61 to -0.10)*
3 -0.03 (-0.08 to 0.01) Reference -0.11 (-0.36 t0 0.14) -0.22 (-0.50 to 0.05) -0.30 (-0.56 to —0.03)*
T2DM
cfPWV Crude -0.32 (-0.46 to -0.17)* Reference | —1.04 (-1.55to -0.52)* | —1.20 (-1.93 to -0.46)* -1.52 (-2.26 to —0.79)*
1 0.24 (-0.38 to -0.10)* Reference | -0.80 (-1.30 to —0.30)* | -0.94 (-1.64 to —0.23)" -1.07 (-1.78 to -0.36)"
2 —0.18 (-0.31 to —0.05)* Reference | —0.71 (<116 to —=0.25)* | —0.71 (-1.35 to —0.07)* ~0.88 (-1.53 to —0.24)*
3 -0.15 (-0.28 to -0.02)* Reference | -0.61 (-1.10 to -0.13)" -0.56 (-1.24 t0 0.12) -0.90 (-1.57 to -0.22)*

Regression results are presented as unstandardized coefficient Bs (95% Cls). The associations in model 1 are adjusted for age and sex. The associations in
model 2 are additionally adjusted for mean arterial pressure and heart rate. The associations in model 3 are additionally adjusted for history of cardiovascular
disease, level of education, mobility limitation (yes/no), triglycerides, total-to-high-density-lipoprotein—cholesterol ratio, use of lipid-modifying medication, use of
antihypertensive medication, smoking, alcohol consumption, and body mass index. cfPWV indicates carotid-to-femoral pulse wave velocity; and T2DM, type

2 diabetes mellitus.
*Indicates statistical significance (P<0.05).
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As shown in Table 4, there were no statistically sig-
nificant associations between coefficient of variation of
physical activity and cfPWV and carotid DC in the fully
adjusted model (model 3).

There was no statistically significant interaction with
sex and higher intensity physical activity amount or
pattern or coefficient of variation with regard to cfPWV
and carotid DC (data not shown). Associations of
higher intensity physical activity amount and pattern,
with cfPWV, but not with carotid DC (data not shown),
were stronger in those with T2DM in the fully adjusted
model (Table 5; only cfPWV; p interaction <0.05). In
stratified analyses, higher intensity physical activity
patterns, but not the amount, were associated with
lower cfPWV in those without T2DM in the fully ad-
justed model (model 3; Table 5). Associations were
stronger in those with T2DM in the fully adjusted model
(model 3; amount [h/wkK]: 3 = —0.15m/s, 95% ClI, —0.28
to —0.02; insufficiently active: B = —-0.61 m/s, 95% ClI,
-1.10 to -0.13; weekend warrior: B = —0.56 m/s, 95%
Cl, —1.24 to —-0.12; and regularly active: B = -0.90 m/s,
95% ClI, -1.57 to -0.22).

Additional Analyses

Several sensitivity analyses were performed. First, we
adjusted for renin-angiotensin system inhibitors in-
stead of all antihypertensive medication in model 3.
Associations between higher intensity physical activity
amount and patterns and cfPWV remained similar in
model 3: B = -0.05 m/s, 95% ClI, —0.09 to -0.01 for
amount (h/wk); B = -0.34 m/s, 95% ClI, —0.56 to —0.11
for insufficiently actives; 3 = —-0.38 m/s, 95% ClI, —0.64
to —0.12 for weekend warriors; and 3 = —0.47 m/s, 95%
Cl, -0.72 to —-0.22 for regularly actives. Second, we
added adherence to Greek Mediterranean Diet score
and kcal to model 3. Again, results for cfPWV remained
similar: B = -0.04 m/s, 95% ClI, -0.09 to 0.00 for
amount (h/wk); B = -0.34 m/s, 95% ClI, -0.57 to —0.11
for insufficiently actives; 3 = -0.38 m/s, 95% ClI, —0.65
to —0.11 for weekend warriors; and 3 = -0.43 m/s,
95% Cl, —0.69 to —0.17 for regularly actives. Finally, we
replaced MAP and HR during vascular measurements
by MAP and HR from 24-hour blood pressure meas-
urements (in model 2, not shown). This resulted in simi-
lar findings for the association with cfPWV in model 3:
B =-0.05 m/s, 95% Cl, —0.10 to 0.00 for amount (h/
wk); B = -0.33 m/s, 95% ClI, -0.58 to —0.08 for in-
sufficiently actives; B = -0.39 m/s, 95% ClI, —0.69 to
-0.10 for weekend warriors; and 3 = —0.51 m/s, 95%
Cl, —=0.79 to —0.23 for regularly actives.

DISCUSSION

This study on the associations between objectively
measured higher intensity physical activity (further

J Am Heart Assoc. 2020;9:e017502. DOI: 10.1161/JAHA.120.017502

Physical Activity and Arterial Stiffness

referred to as physical activity) amount in hours per
week and patterns (categorical) and arterial stiffness,
had 2 main findings. First, more physical activity was
associated with lower cfPWV. Compared with the
inactives, the insufficiently actives, regularly actives,
and the weekend warriors all had a significantly lower
cfPVW. No significant differences in cfPWV between
the regularly actives and weekend warriors, nor with
coefficient of variation of higher intensity physical ac-
tivity over the week, were observed suggesting that
the distribution of activity over the week does not
matter. In addition, the association between physical
activity and cfPWV was stronger in individuals with
T2DM than in those without T2DM. Second, neither
the amount of physical activity nor physical activity
patterns was significantly associated with carotid DC.

Our findings on cfPWV are novel in 2 respects. First,
previous studies have been small,?>?% and have used
questionnaires to evaluate the amount of physical activ-
ity,* whereas the current study was population-based,
used objective measures of physical activity, and eval-
uated not only amount of physical activity, but also
physical activity patterns, which is an extension of pre-
viously conducted research.?” Second, we observed a
stronger association of physical activity with cfPWV in
individuals with T2DM compared with individuals with-
out T2DM.

The mechanisms underlying the association be-
tween physical activity and arterial stiffness are
thought to include reduced vascular oxidative stress,
increased endothelial nitric oxide production by shear
stress, and augmented blood flow (during exercise),
resulting in increased (bioavailability of) nitric oxide
and improved vessel wall homeostasis.®”"" In addi-
tion, physical activity may mitigate sympathetic hy-
peractivity and improve sympatho-vagal balance,?®
which may result in less arterial stiffness.?® The as-
sociation between amount of physical activity and
cfPWV was stronger in individuals with T2DM than
in those without T2DM. In individuals with T2DM,
oxidative stress and inflammation are known to be
increased, resulting in higher arterial stiffness in
T2DM.%0 This does not necessarily explain the inter-
action between physical activity and DM status, and
this finding (which we regard as hypothesis-generat-
ing) requires confirmation.

Our study showed no clear differences in the as-
sociation of physical activity with cfPWV between
weekend warriors and regularly actives. Moreover,
the insufficiently actives had a significantly lower
cfPWV compared with the inactives, suggesting that
any physical activity is better than none. Further,
the coefficient of variation as a continuous measure
of variation of higher intensity physical activity over
the week was not associated with cfPWV. So, the
variation over the week is not important in the light
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of cfPWV. Previous studies have generally shown
inverse associations of physical activity with other
health outcomes such as metabolic syndrome, mor-
tality, and CVD, regardless of physical activity pat-
tern,*'%3" and these findings are broadly consistent
with ours. In contrast, 1 study, in which physical ac-
tivity was assessed by questionnaire, showed that
in men with at least 1 cardiovascular risk factor, the
mortality risk was lower in regularly actives than in
weekend warriors."”

We did not find an association of physical activity (or
its patterns) with carotid DC. Prior data on the associa-
tion between physical activity and carotid DC, whether
based on observational data®?-3* or on randomized con-
trolled trials,®>%® have not been consistent.®?-3¢ Regional
arterial stiffening (eg, carotid versus aortic) is known to
be affected differently by risk factors, and this may be
true also for physical activity,®” although the mecha-
nisms for such differences remain poorly understood.

This study has several strengths. We used pos-
ture-based accelerometry data to measure physical
activity. In addition, waterproof attachment ensured
24-hour accelerometer data and prevented prob-
lems with the registration of nonwear time. This is the
most reliable method to objectively measure physi-
cal activity. Additionally, the sample size of the study
was large, and many potential confounders could be
accounted for. Our study also had some limitations.
First, this study was cross-sectional in design, which
makes it difficult to draw conclusions on causality.
Second, as the accelerometer was worn for 1 week,
it could be argued that this may not reflect habitual
behavior in all subjects. However, in practice, this ap-
pears not to be an issue.®® Third, as we analyzed
associations with higher intensity physical activity
based on step frequency as a measure of moder-
ate-to-vigorous physical activity, which may be less
precise than using acceleration data to determine in-
tensity levels. Fourth, the study population consisted
only of White participants, which limits the generaliz-
ability of our findings.

Perspectives

This large population-based study showed that more
physical activity was associated with lower cfPWV
(ie, aortic stiffness), but not with carotid DC. There
was no difference in cfPWV between the regularly
actives and the weekend warriors; so from the per-
spective of arterial stiffness, the amount is of greater
consequence than the pattern of higher intensity
physical activity, especially in individuals with T2DM.
Future research should aim to understand the bio-
logical pathway underlying the stronger association
between physical activity and arterial stiffness in
those with T2DM.
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Table S1. Descriptive characteristics of the in- and exclusion study population.

Mean arterial pressure
(mmHg)
Mean heart rate (bpm)

Smoking status (%)
e Current
e Former
e Never
Alcohol consumption (%)
e None
e Low
e High
Mobility limitations
e Yes
e Non
BMI (kg/m?)
History of CVD (%)

Diabetes status (%)

e Yes

96.71 (10.27)

62.30 (9.40)

11.90
53.40

34.70

17.30
56.50

26.20

19.80

80.20

26.77 (4.16)

16.20

26.90

Characteristics Inclusion Exclusion
(n=1699) (n =1752)

Age (years) 60.45 (7.88) 59.10 (8.58)
Sex (% male) 50.60 52.30
Education level (%)

e Low 32.50 34.60

e Medium 28.60 27.90

e High 38.80 37.50

96.75 (10.37)

63.38 (9.37)

15.80
49.90

34.30

19.90
54.40

25.70

23.90

76.10

27.10 (4.90)

17.20

29.60




¢« No
Antihypertensive medication
use (%)
Lipid-modifying medication
use (%)
Glucose-lowering medication
use (%)
Total cholesterol-to-HDL
cholesterol ratio
Triglycerides (mmol/L)
cfPWV (m/s)
Carotid DC (103/kPa)
Valid days (n)

Time of HPA/week (min)

73.10

40.30

36.70

21.00

3.40 [2.78-4.23]

1.21 [0.89-1.7]

9.05 (2.16)

14.29 (4.98)

6.65 (0.48)

150.65 (118.98)

68.10

39.70

36.30

25.70

3.53 [2.88-4.33]

1.20 [0.87-1.74]

8.97 (2.16)

14.33 (5.34)

3.00 (3.02)

121.13 (112.73)

Values are means (SD) or median [Q1-Q3], unless stated otherwise. BMI, body mass index;
cfPWV carotid to femoral pulse wave velocity; Carotid DC carotid distensibility coefficient;

HPA higher intensity physical activity.



