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Abstract

Objective: Physical activity may provide a means for the prevention of cardiovascu-
lar disease via improving microvascular function. Therefore, this study investigated
whether physical activity is associated with skin and retinal microvascular function.
Methods: In The Maastricht Study, a population-based cohort study enriched with
type 2 diabetes (n = 1298, 47.3% women, aged 60.2 + 8.1 years, 29.5% type 2 diabe-
tes), we studied whether accelerometer-assessed physical activity and sedentary time
associate with skin and retinal microvascular function. Associations were studied by
linear regression and adjusted for major cardiovascular risk factors. In addition, we
investigated whether associations were stronger in type 2 diabetes.

Results: In individuals with type 2 diabetes, total physical activity and higher-intensity
physical activity were independently associated with greater heat-induced skin hy-

peremia (regression coefficients per hour), respectively, 10 (95% CI: 1; 18) and 36

Abbreviations: CVD, cardiovascular disease; MU, measurement units; NGM, normal glucose metabolism; OGTT, oral glucose tolerance test; PU, perfusion units; T2D, type 2 diabetes.
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1 | INTRODUCTION

Microvascular dysfunction is an important underlying mechanism in
common diseases, such as heart failure,! (lacunar) stroke,? depres-
sion,® cognitive decline,* chronic kidney disease,” and neuropathy,®
which occur in the general population and more frequently in indi-
viduals with T2D.” It is therefore important to identify, in particular
modifiable, factors that contribute to the development of microvas-
cular dysfunction, as these can be targeted in preventive strategies.

Physical inactivity may be one such modifiable risk factor, as may
sedentary behavior, which refers to activities that do not increase
energy expenditure substantially above the resting level, such as sit-
ting, watching television, and using the computer.®

Indeed, low levels of physical activity and high levels of sedentary
time have been shown to be associated with macrovascular diseases’
(eg, stroke, myocardial infarction, and peripheral arterial disease) and
may act through inducing large artery endothelial dysfunction.lo'11
Low levels of physical activity and high levels of sedentary time have
also been shown to be associated with diseases that may be partly
or wholly of microvascular origin.*>*® Thus, we hypothesized that
low levels of physical activity and high levels of sedentary time may
affect microvascular (endothelial) function. In support, several small
(mostly intervention) studies have shown beneficial effects of physi-

19-22 19,23-26

cal activity, and adverse effects of sedentary behavior, on

microvascular function. However, it is unclear whether daily life ha-

20,22

bitual physical activity, as compared to exercise programs, also

beneficially affects microvascular function. Earlier studies were con-

1926 \which limits translation

ducted in small numbers of individuals,
to the general population, or were based on self-reported measures
of physical activity and sedentary behavior?” which are known to be
less precise and valid than objective measures.?®

Mechanistically, higher levels of physical activity and lower levels
of sedentary time are thought to increase nitric oxide bioavailabil-
ity, 2930

grade inflammation,®*%2 both of which may improve microvascular

presumably in conjunction with beneficial effects on low-

(endothelial) function.®® As hyperglycemia has detrimental effects
on nitric oxide bioavailability®* and microvascular (endothelial) func-
tion,% the associations of physical activity and sedentary behavior
with microvascular (endothelial) function may differ between (ie, may

be stronger in) individuals with as compared to those without T2D.

without, type 2 diabetes.

perfusion units (14; 58). In individuals without type 2 diabetes, total physical activity
and higher-intensity physical activity were not associated with heat-induced skin hy-
peremia. No associations with retinal arteriolar %-dilation were identified.

Conclusion: Higher levels of total and higher-intensity physical activity were associ-

ated with greater skin microvascular vasodilation in individuals with, but not in those

cohort studies, diabetes mellitus, type 2, exercise, microcirculation, sedentary behavior

In view of these considerations, we investigated, in a popula-
tion-based study with oversampling of individuals with T2D, whether
objectively measured physical activity and sedentary behavior were
associated with skin microvascular and retinal arteriolar (endothelial)
function. In addition, we examined whether these associations dif-
fered between individuals with and without T2D. We chose skin and
retina for 2 reasons. First, these sites are easily accessible, enabling

36,37 assessment of microvascular (endothe-

direct and reproducible
lial) function, as measured by heat-induced skin hyperemia and flicker
light-induced retinal arteriolar dilation. Second, skin and retina may
differ in their associations with physical activity and sedentary behav-
ior, with skin potentially showing stronger associations. This is because

ty38

skin is important in disseminating exercise-produced heat,”® whereas

retinal blood flow, in contrast, has been shown to be relatively stable

39,40 41

during exercise, presumably to maintain visual performance.

2 | MATERIALS AND METHODS
2.1 | Study population and design

We used data from The Maastricht Study, an observational prospec-
tive population-based cohort study. The rationale and methodology
have been described previously.42 In brief, the study focuses on the
etiology, pathophysiology, complications, and comorbidities of T2D
and is characterized by an extensive phenotyping approach. Eligible
for participation were all individuals aged between 40 and 75 years
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 T2D status, with an
oversampling of individuals with T2D, for reasons of efficiency. The
present report includes cross-sectional data from the first 3451 par-
ticipants, who completed the baseline survey between November
2010 and September 2013. The examinations of each participant
were performed within a time window of three months. The study
has been approved by the institutional medical ethical committee
(NL31329.068.10) and the Minister of Health, Welfare and Sports of
the Netherlands (Permit 131088-105234-PG). All participants gave
written informed consent.
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2.2 | Assessment of glucose metabolism status

To assess glucose metabolism status, all participants (except those
who used insulin) underwent a standardized 2-h 75 gram OGTT
after an overnight fast. For safety reasons, participants with a
fasting glucose level above 11.0 mmol/L, as determined by a fin-
ger prick, did not undergo the OGTT. For these individuals, fasting
glucose level and information about diabetes medication use were
used to assess glucose metabolism status. Glucose metabolism
status was defined according to the World Health Organization
2006 criteria as NGM, impaired fasting glucose, impaired glucose
tolerance (combined as prediabetes), and T2D. Individuals without
type 1 diabetes on glucose-lowering medication were classified as
having T2D.*

2.3 | Assessment of microvascular function

All participants were asked to refrain from smoking and drinking
caffeine-containing beverages three hours before the measure-
ment. A light meal (breakfast and (or) lunch), low in fat content,
was allowed if taken at least 90 minutes prior to the start of the
measurements.

Skin blood flow measurements were performed in a climate-con-
trolled room at 24°C with participants in a supine position. Skin
blood flow was measured as described previously by means of a laser
Doppler system (Periflux 5000, Perimed,), equipped with a thermo-
static laser Doppler probe (PF457) at the dorsal side of the wrist of
the left hand. The laser Doppler output was recorded for 25 minutes
with a sample rate of 32Hz, which gives semi-quantitative assess-
ment of skin blood flow expressed in arbitrary PU. Skin blood flow
was firstrecorded unheated for 2 minutes to serve as a baseline. After
the 2 minutes of baseline, the temperature of the probe was rapidly
and locally increased to 44°C and was then kept constant until the
end of the registration. In contrast to earlier work,*® heat-induced
skin hyperemia was expressed not as a percentage of baseline but
as perfusion during the 23-minute heating phase (in PU), because
spurious associations between determinants and heat-induced skin
hyperemia expressed as percentage may occur when determinants
are associated with baseline skin blood flow (as was the case here;
see Supporting Information: Results and Table S3). To investigate as-
sociations of heat-induced skin hyperemia independently of associa-
tions with baseline skin blood flow, we adjusted for baseline flow in
the regression models (this will not lead to autocorrelation because
there was only a weak association between baseline skin blood flow
and heat-induced skin hyperemia).*44°

For retinal measurements, pupils were dilated with 0.5% tropi-
camide and 2.5% phenylephrine at least 15 minutes prior to the
start of the examination. Retinal arteriolar vasodilation to flicker
light exposure was measured by the Dynamic Vessel Analyzer
(Imedos). Briefly, a baseline recording of 50 seconds was followed
by 40-second flicker light exposure followed by a 60-second re-

covery period. Baseline diameter was calculated as the average

Microcirculation SV TH o aa i

diameter size of the 20-50 seconds recording and was expressed
in MU. As determinants were not associated with retinal arteriolar
baseline diameter (see Supporting Information: Results and Table
S4), flicker light-induced retinal arteriolar dilation was expressed
as a percentage over baseline, based on the average dilation
achieved at time points 10 and 40 seconds during the flicker stim-
ulation period. The measurement has extensively been described

43

previously,”” and more details are provided in the Supporting

Information.

2.4 | Assessment of physical activity and
sedentary behavior

Daily activity levels and patterns were measured using the activPAL3™
physical activity monitor (PAL technologies) as has been described
previously*® and in the Supporting Information: Methods. Participants
were asked to wear the accelerometer for 8 consecutive days, without
removing the device at any time. The total amount of physical activity
(stepping time) was based on the stepping posture and calculated as
the mean time spent stepping during waking time per day, and stand-
ing time was not included. The method used to determine waking time
has been described elsewhere.*® Higher-intensity physical activity was
defined as hours with a step frequency > 110 steps/min during waking
time*”*8; again, standing time was not included. The total amount of
sedentary time was based on the sedentary posture (sitting or lying)
and calculated as the mean time spent in a sedentary position during

waking time per day.*¢

2.5 | Measurement of covariates

A history of CVD, smoking status (never, former, current), alcohol
consumption, level of education, occupational status, daily energy
intake, mobility limitation, and duration of diabetes were assessed
by questionnaire.42 Mobility limitation was obtained from the
EuroQol-5D questionnaire and was defined as having difficulty walk-
ing 500 meter or climbing the stairs in the previous week. Energy
intake was obtained from a food frequency questionnaire and calcu-
lated as the mean energy intake (kcal) per day. Use of antihyperten-
sive, lipid-modifying, and glucose-lowering medication was assessed
during a medication interview where generic name, dose, and fre-
guency were registered.49 We measured height, weight, waist circum-
ference, office and ambulatory 24-h blood pressure, plasma glucose
levels, serum creatinine, 24-h urinary albumin excretion (twice), gly-
cated hemoglobin Alc (HbA1c), and plasma lipid profile as described
elsewhere.*? Body mass index (BMI) was calculated as weight (kg)
divided by height squared (m?). Estimated glomerular filtration rate
(eGFR; in mL/min/1.73m?) was calculated with the Chronic Kidney
Disease Epidemiology Collaboration (CDK-epi) equation based on
both serum creatinine and serum cystatin C.%° The presence of retin-
opathy was based on fundus photographs taken with an auto fundus
camera (Model AFC-230, Nidek, Gamagori, Japan).
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2.6 | Statistical analyses

Allanalyses were performed with Statistical Package for Social Sciences
version 23.0 (IBM SPSS, IBM Corp). Multivariable linear regression
analyses were used to investigate the associations of total physical
activity (hour/d), higher-intensity physical activity (hour/d), and total
sedentary time (hour/d) with baseline skin blood flow, baseline reti-
nal arteriolar diameter, heat-induced skin hyperemia, and flicker light-
induced retinal arteriolar %-dilation. Model 1 was adjusted for age, sex,
glucose metabolism status, baseline skin blood flow (only for analyses
of heat-induced skin hyperemia), and waking time (to exclude the pos-
sibility that estimated effects were influenced by differences in waking
hours). Model 2 was additionally adjusted for potential confounders
such as body mass index, educational level, mobility limitation, office
systolic blood pressure, total-to-high-density lipoprotein (HDL) choles-
terol ratio, triglycerides, smoking status, alcohol consumption, the use
of antihypertensive- and/or lipid-modifying medication, and a history
of CVD. In model 3a higher-intensity physical activity was additionally
adjusted for total sedentary time. In model 3b, total sedentary time
was additionally adjusted for higher-intensity physical activity. Data
were expressed as regression coefficients and corresponding 95%
confidence interval (95% ClI).

The Maastricht Study by design oversampled individuals with T2D,
and we therefore were able to investigate potential interactions be-
tween total physical activity, higher-intensity physical activity, and total
sedentary time with T2D by adding interaction terms to the regression
models. In stratified analyses in individuals without T2D, model 1 was
additionally adjusted for prediabetes status. To assess whether associ-
ations differed by sex or age, interactions between total physical activ-
ity, higher-intensity physical activity, and total sedentary time with sex
and age were investigated. In these analyses, interaction terms were
the product of total physical activity, higher-intensity physical activity,
or total sedentary time and T2D, sex, or age, respectively.

Collinearity diagnostics (ie, tolerance < 0.10 and/or variance in-
flation factor > 10) were used to detect multicollinearity between
covariates. A P-value < 0.05 was considered statistically significant

except for interaction analyses, where a P < 0.10 was consid-

interaction
ered statistically significant.

3 | RESULTS
3.1 | Characteristics of study population

From the initial 3451 participants included, those with other types
of diabetes than T2D were excluded (n = 41). Of the remaining 3410
participants, heat-induced skin hyperemia data were available in
1647. The reasons for missing data were logistical (n = 1650, speci-
fied as no laser Doppler equipment available [n = 353], no trained
researcher available [n = 264], or technical failure [n = 1033]) or
insufficient measurement quality (n = 113). Accelerometry vari-
ables were missing in 272 participants, and data on potential con-

founders were missing in 77 participants. The heat-induced skin

hyperemia study population thus consisted of 1298 participants.
Retinal arteriolar reactivity data were available in 2261 partici-
pants. The reasons for missing data were logistical (n = 882, speci-
fied as no Dynamic Vessel Analyzer equipment available [n = 535],
no trained researcher available [n = 227], or no eye drops given for
traffic safety reasons [n = 120]), insufficient measurement quality
(n = 208), or contraindications (n = 59). Accelerometry variables
were missing in 330 participants, particularly due to device avail-
ability (n = 233), and data on potential confounders were missing
in 84 participants. The retinal arteriolar reactivity study popula-
tion thus consisted of 1847 participants (Figure 1 shows the flow
chart).

General characteristics of skin reactivity study population are
shown in Table 1, according to tertiles of total physical activity.
This study population had a mean age * standard deviation (SD)
of 60.2 + 8.1 years, of whom 46.3% were women and 29.5% had
T2D (oversampled by design). In addition, when compared to indi-
viduals in the lowest tertile of total physical activity, those in the
middle and highest tertiles were on average younger, had lower
glucose levels, and were less likely to have had a history of CVD
(Table 1). The skin study population overlapped for 73% with the
retinal study population. Both populations were comparable with
regard to age, sex, and cardio-metabolic risk profile (Table 1).
Individuals excluded from the analyses due to missing data on skin
or retinal reactivity measurements, accelerometry measurements,
or covariates were also highly comparable to individuals included
in the study populations with regard to age, sex, and cardio-meta-
bolic risk profile (Tables S1 and S2).

3.2 | Associations of total and higher-intensity
physical activity with skin hyperemia and retinal
arteriolar dilation

In adjusted analyses, total physical activity and higher-intensity
physical activity were not significantly associated with heat-induced
skin hyperemia (Table 2). However, the associations between total
physical activity and higher-intensity physical activity with heat-in-
duced skin hyperemia differed between individuals without and with
T2D (P. < 0.10, Table 2). In individuals without T2D, total

physical activity and higher-intensity physical activity were not sig-

interactions

nificantly associated with heat-induced skin hyperemia. In contrast,
in individuals with T2D, total physical activity and higher-intensity
physical activity were directly associated with heat-induced skin hy-
peremia (regression coefficients per hour increase were 10 PU (95%
Cl:1; 18, P =.026) and 36 PU (14; 58, P = .002), respectively (Table 2).

In adjusted analyses, total physical activity and higher-inten-
sity physical activity were not significantly associated with flicker
light-induced retinal arteriolar %-dilation (Table 3). In addition,
the associations between total physical activity and higher-in-
tensity physical activity with retinal arteriolar %-dilation did not
differ significantly between individuals without and with T2D
(P > 0.10, Table 3).

interactions



SORENSEN ET AL

Microcirculation SV TR o aa ik

Population of The Maastricht Study (N = 3451)

No type 2 diabetes

A

A

> Type 1 diabetes (n = 37)
Other type of diabetes (n = 4)

Population of The Maastricht Study (n = 3410) free of other types of diabetes

Missing skin measurement
Logistic reasons* (n = 1650) <
Insufficient quality (n = 113)

Y

Missing retinal measurement
> Logistic reasons’ (n = 882)
Insufficient quality (n = 208)
v Contraindicated * (n = 59)

Population with skin
measurements (n = 1647)

Population with retinal
measurements (n = 2261)

Missing data on accelerometry
measurement (n = 272)

Logistic reason * (n = 204)

Insufficient quality (n = 68)

Missing data on accelerometry
measurement (n = 330)
Logistic reason ¥ (n=233)
Insufficient quality (n = 97)

Y

Skin study population with
Missing covariates " complete data on
History of CVD (n = 53) accelerometry (n = 1375)

Retinal study population
with complete data on
accelerometry (n = 1931)

Missing covariates "
History of CVD (n = 56)

Educational level (n = 43) T
Mobility limitation (n = 45) <
Alcohol consumption (n = 42) i

Educational level (n = 44)
Mobility limitation (n = 42)
¢ Alcohol consumption (n = 36)

[ »>

Smoking status (n = 40)
Total-to-HDL cholesterol ratio (n = 1)
Systolic blood pressure (office) (n = 1)
Body mass index (n = 1)

Skin study population with
complete data on
accelerometry and
covariates (n = 1298)

Retinal study population Smoking status (n = 31)
with complete data on Lipid-modifying medication (n = 3)
accelerometry and Antihypertensive medication (n = 3)

. Systolic blood pressure (office) (n = 2)
covariates (n = 1847) Body mass index (n = 1)

FIGURE 1 Skin and retinal study population selection. Symbols *=Logistical reasons: no laser Doppler equipment available (n = 353), no
trained researcher available (n = 264), and technical failure (n = 1033). t=Logistical reasons: no Dynamic Vessel Analyzer equipment available
(n = 535), no trained researcher available (n = 227), and no eye drops given for traffic safety reasons (n = 120). +=Contraindicated: history

of epilepsy (n = 14), allergy to eye drops (n = 31), and glaucoma or lens implants (n = 14). §=No accelerometer available. ||=Missing values on

covariates were not mutually exclusive

3.3 | Associations of sedentary behavior with skin
hyperemia and retinal arteriolar dilation

In adjusted analyses, total sedentary time was not associated with
heat-induced skin hyperemia (Table 2). Although associations be-
tween total sedentary time and heat-induced skin hyperemia dif-
fered statistically between individuals without and with T2D

(Pinteraction
T2D did not show significant associations between total sedentary

< 0.10), stratified analyses in individuals without and with

time and heat-induced skin hyperemia (Table 2).

In adjusted analyses, total sedentary time was not significantly
associated with flicker light-induced retinal arteriolar %-dilation
(Table 3). In addition, the association between total sedentary time
and retinal arteriolar %-dilation did not differ significantly between
individuals without and with T2D (P, >0.10, Table 3).

interaction

3.4 | Additional analyses

As associations of total physical activity and higher-intensity physi-
cal activity with heat-induced skin hyperemia were stronger in indi-
viduals with as compared to those without T2D, we further explored
interactions between continuous measures of glycemia (ie, HbA1lc,
fasting plasma glucose, and 2-h postload glucose) and total and
higher-intensity physical activity. Statistically significant interactions
were found between 2-h postload glucose and total physical activ-

ity, and between HbA1c, fasting plasma glucose, and 2-h postload

< 0.10;

data not shown). In individuals with prediabetes, regression coef-

glucose and higher-intensity physical activity (all P, . .ctions
ficients of the associations of total and higher-intensity physical
activity with skin hyperemia were numerically in between those of
individuals without and with T2D (Table S5).

Qualitatively similar associations of total physical activity,
higher-intensity physical activity, and total sedentary time with skin
hyperemia and retinal arteriolar %-dilation were observed in a range
of additional analyses: first, when heat-induced increase in skin
blood flow (in PU) from skin baseline or flicker light-induced increase
(in MU) in retinal arteriolar diameter from baseline were used as out-
comes (data not shown); second, when substituting office systolic
blood pressure for 24-h ambulatory systolic blood pressure (data not
shown, for skin and retinal analyses, 24-h ambulatory blood pressure
was available in n = 1151 individuals (n = 812 without and n = 339
with T2D) and n = 1632 (n = 1180 without and n = 452 with T2D) re-
spectively); third, after additional adjustment for daily caloric intake
(data not shown, for skin and retinal analyses, daily caloric intake was
available in n = 1219 individuals (n = 863 without and n = 356 with
T2D) and n = 1755 (n = 1276 without and n = 479 with T2D) respec-
tively) or occupational status (data not shown, for skin and retinal
analyses, occupational status was available in n = 1122 individuals
(n = 807 without and n = 315 with T2D) and n = 1609 (n = 1178
without and n = 431 with T2D) respectively); fourth, after additional
adjustment for eGFR, urinary albumin excretion, and the presence
of retinopathy (data not shown, for skin and retinal analyses, data

on these additional covariates were available in n = 1163 individuals
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TABLE 2 Multivariable-adjusted associations of total physical activity, higher-intensity physical activity, and total sedentary time with
heat-induced skin hyperemia in the total skin study population and stratified according to T2D status

Model 1 Model 2 Model 3a Model 3b
Heat-induced skin hyperemia (PU) B (95% Cl) B (95% Cl) B (95% Cl) B (95% CI) PRS—_—
Total skin study population (n = 1298)
Total physical activity (h/day) 2(-3;7) 1(-4; 6) — — —
Higher-intensity physical activity 6(-5;17) 3(-9; 14) 4 (-8; 16) — —
(h/day)
Total sedentary time (h/day) 0(-2;2) 1(-1;3) — 1(-1;3) —
Without T2D (n = 915)
Total physical activity (h/day) -2(-8;4) -3(-9;3) - - -
Higher-intensity physical activity -3 (-16; 10) -6(-20;7) -3(-17; 11) — —
(h/day)
Total sedentary time (h/day) 2(-1;4) 2(-1;5) — 2(-1;5) —
With T2D (n = 383)
Total physical activity (h/day) 11 (4; 19) 10(1; 18) - — 0.018
Higher-intensity physical activity 40 (20; 61) 38 (16; 60) 36 (14; 58) — 0.001
(h/day)
Total sedentary time (h/day) -3(-6;-0) -2(-6;1) — -1(-5;2) 0.068

Note: Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical
significance (P < .05).
P teraction (With T2D) was based on model 2.

Model 1: adjusted for age, sex, glucose metabolism status (for “total skin study population” only), waking time, and baseline skin blood flow. For
analyses in individuals without T2D, model 1 is also adjusted for prediabetes status.

Model 2: additionally adjusted for educational level, body mass index, mobility limitation, office systolic blood pressure, total-to-HDL cholesterol
ratio, triglycerides, antihypertensive and lipid-modifying medication, smoking status, alcohol consumption, and a history of CVD.

Model 3a: additionally adjusted for sedentary time.
Model 3b: additionally adjusted for higher-intensity physical activity.

TABLE 3 Multivariable-adjusted associations of total physical activity, higher-intensity physical activity, and total sedentary time with
retinal arteriolar %-dilation

Model 1 Model 2 Model 3a Model 3b
Retinal arteriolar dilation (%) B (95%Cl) B (95%Cl) B (95%Cl) B (95%Cl) Pinteraction
Total physical activity (hour/d) -0.04 (-0.24;0.15) -0.09 (-0.30; 0.11) — — 0.814
Higher-intensity physical -0.16 (-0.60; 0.27) -0.24 (-0.69; 0.22) -0.24 (-0.71; 0.23) — 0.226
activity (hour/d)
Total sedentary time (hour/d) 0.01 (-0.09; 0.08) 0.01 (-0.08; 0.10) — -0.00(-0.09; 0.09) 0.806

Note: Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%Cl).
Boldface indicates statistical significance (P < .05).

Pinteraction (With T2D) was based on model 2.

Model 1: adjusted for age, sex, glucose metabolism status, and waking time.

Model 2: additionally adjusted for educational level, body mass index, mobility limitation, office systolic blood pressure, total-to-HDL cholesterol
ratio, triglycerides, antihypertensive and lipid-modifying medication, smoking status, alcohol consumption, and a history of CVD.

Model 3a: additionally adjusted for sedentary time.
Model 3b: additionally adjusted for higher-intensity physical activity.

(n = 809 without and n = 354 with T2D) and n = 1774 (n = 1288 (data not shown; RAAS-inhibiting antihypertensives included angio-

without and n = 486 with T2D) respectively); fifth, when antihyper-
tensive medication was further specified into renin-angiotensin-al-
dosterone system (RAAS)-inhibiting (with or without other types of

antihypertensives) and non-RAAS-inhibiting antihypertensives only

tensin-converting-enzyme, angiotensin receptor blockers, and renin
blockers); sixth, after additional adjustment for time of the day or
month of the year when the skin and retinal measurements were

done (to adjust for possible diurnal or seasonal influences; data not
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shown); and seventh, associations of total physical activity, higher-in-
tensity physical activity, and total sedentary time with skin hyper-
emia and retinal arteriolar %-dilation did not differ between women

and men or by age (all P, >0.10). Last, collinearity diagnostics

interactions
revealed no problematic multicollinearity in any of the analyses (ie,

all tolerance values > 0.10 and variance inflation factors < 10).

4 | DISCUSSION

In this population-based study, we tested the hypothesis that ha-
bitually low levels of physical activity and high levels of sedentary
time (objectively quantified with an accelerometer) can affect mi-
crovascular endothelial function. There were three novel findings.
First, higher levels of total and higher-intensity physical activity
were independently associated with greater skin microvascular
vasodilation in individuals with, but not in those without, T2D.
Second, and in contrast to our hypothesis, sedentary time was
not associated with skin microvascular function. Third, physical
activity and sedentary behavior were not statistically significantly
associated with retinal microvascular function. These findings
suggest that increasing habitual daily physical activity should be
investigated as a means to improving microvascular function in
T2D, with the ultimate goal of reducing risk of heart failure,! (lacu-
nar) stroke,? depression,® cognitive decline,* retinopathy, chronic
kidney disease,’ and neuropathy.®

Both heat-induced skin hyperemia and flicker light-induced
retinal arteriolar dilation are likely a reflection of microvascular
endothelial function, as they both rely on nitric oxide bioavailabil-
ity,51:52
function,

possibly in conjunction 53with vascular smooth muscle cell
3435 and/or neuronal function.*®>” Mechanistically, higher
levels of physical activity and lower levels of sedentary time are
thought to increase nitric oxide bioavailability.?”° On the one hand,
physical activity is thought to induce microvascular laminar shear
stress and thereby stimulate the synthesis of nitric oxide by endo-
thelial nitric oxide synthase (eNOS).>® On the other hand, physical
activity is thought to inhibit eNOS uncoupling via reduction of oxi-
dative stress by improvement of insulin sensitivity.>®

The associations of higher levels of total and higher-intensity
physical activity with greater heat-induced skin hyperemia in indi-
viduals with T2D are in agreement with findings from priorhuman
and animal research.>¥°%¢C As in individuals with T2D insulin sensi-
tivity is thought to be worse, a likely explanation for stronger asso-
ciations in T2D is that in T2D physical activity improves nitric oxide
bioavailability via both stimulation of eNOS and inhibition of eNOS
uncoupling.®® Alternatively, as in individuals NGM insulin sensitivity
is not reduced, the effect of physical activity on nitric oxide bioavail-
ability may be less strong because under normal glycemic circum-
stances physical activity is thought to mostly improve nitric oxide
bioavailability via stimulation of eNOS.>®

The absence of an association between higher levels of habit-
ual total and higher-intensity physical activity and greater skin

microvascular function in individuals without T2D contrasts with

earlier studies which showed beneficial effects of (chronic) inten-
sive exercise on skin microvascular function in healthy individuals.®*
A possible explanation is that in individuals without T2D, physical
activity-induced improvement in skin microvascular function is ob-
served only at higher intensities and longer duration of physical ac-
tivity than those in our study.zo*61

The absence of an inverse association between higher levels of ha-
bitual total sedentary time and skin microvascular function contrasts
with earlier studies with uninterrupted sedentary time protocols.1%2%2¢
Mechanistically, sedentary behavior is thought to reduce shear stress,
leading to less nitric oxide synthesis and reduced endothelium-de-
pendent vasodilation.?’ Insufficient duration of total sedentary time
(mean + SD: 9.5 + 1.7 hour/d; range: 2.5 to 15.9 hour/d) is unlikely
to explain the absence of an inverse association between sedentary
behavior and microvascular function. A likelier explanation is that fre-
quent transient interruptions of sedentary behavior by standing and/
or walking can restore sedentary behavior-induced microvascular

925 presumably via changes in shear stress.®? Indeed, a

dysfunction,
higher number of such interruptions, which in our study population
occurred on average ~ 4 times per sedentary hour, have been shown
to be associated with reduced cardiovascular mortality.43
Autoregulation of retinal blood flow can explain why physical
activity and sedentary behavior were not associated with retinal
microvascular function.3*%%* During physical activity, constric-
tion of small retinal arterioles increases retinal vascular resistance
in proportion to the increase in ocular perfusion pressure*® to sta-

3940 presumably to maintain visual acuity.*!

bilize retinal perfusion,
Our finding of a numerically lower baseline retinal arteriolar diame-
ter with increased levels of higher-intensity physical activity (Table
S4) is consistent with this interpretation. Whether chronic habitual
sedentary behavior alters ocular blood flow is currently unknown,
but unlikely, as retinal autoregulation has been shown to preserve
stable retinal perfusion during transient sedentary time at different
postures (eg, sitting and lying).%*

Strengths of our study include its size and population-based
design; the use of a waterproof-attached accelerometer, which has
resulted in improved wear time compliance,®® and measures which
are more precise and valid than when self-reported?®; the extensive
assessment of, and adjustment for, potential confounders; the use of
two independent methods to directly assess microvascular function
in different microvascular beds; and the broad array of additional
analyses, which all gave consistent results.

Our study had some limitations. First, the data were cross-sec-
tional. Therefore, we cannot exclude reverse causality, that is, that
microvascular dysfunction leads to suboptimal delivery of oxygen
and nutrients to tissues (eg, muscle) on demand and therefore may
hamper physical activity. Second, total and higher-intensity physical
activity and total sedentary time were measured during one week,
which may not truly reflect habitual behavior. However, with an aver-
age wear time of 6.2 days in our study, compliance to the 8-day wear
time protocol was good, and sufficient to reliably estimate habitual
sedentary behavior and close to optimal wear time for estimation of

habitual physical activity.®® Third, higher-intensity physical activity
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was based on step frequency, which is less precise than accelera-
tion-based determination. However, we used a cutoff point of > 110
steps/minute for higher-intensity physical activity, which roughly
equals a metabolic equivalent of task (MET) score of > 3.0 (which
indicates moderate-to-vigorous intensity activity).*’ Last, although
we adjusted for many potential confounders, we cannot fully exclude
residual confounding by variables not included in these analyses (eg,
dietary habits).

This large population-based study, with postured-based accel-
erometry data, showed that higher levels of total and higher-inten-
sity physical activity were independently associated with greater
skin microvascular vasodilation in individuals with, but not in those
without, T2D. This is consistent with beneficial effects of physical
activity on nitric oxide bioavailability, which are likely more promi-
nent in individuals with hyperglycemia. These findings suggest that
increasing habitual daily physical activity should be investigated as a
means to improving microvascular function in T2D, with the ultimate
goal of reducing risk of heart failure,* (lacunar) stroke,? depression,’
cognitive decline,* chronic kidney disease,® and neuropathy.®

5 | PERSPECTIVE

In this large population-based study, with postured-based accel-
erometry data, higher levels of total and higher-intensity physical
activity were independently associated with greater skin microvas-
cular vasodilation in individuals with T2D. However, physical activity
was not associated with retinal microvascular dilatation response.
Habitual daily physical activity should be investigated as a means to
improving microvascular function in T2D, with the ultimate goal of
reducing risk of heart failure, (lacunar) stroke, depression, cognitive
decline, chronic kidney disease, and neuropathy.
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