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General introduction

General introduction
Type 2 diabetes mellitus (T2D) is a chronic metabolic disease characterized by
hyperglycemia and caused by defects in insulin action and/or deficits in insulin secretion.
T2D is strongly associated with an adverse cardiovascular risk factor profile with obesity1,
hypertension2, low‐grade inflammation1, and dyslipidemia3. Importantly, cardiovascular
risk not only affects individuals with diabetes, but also those without. Both an adverse
cardiovascular risk profile and/or having T2D are associated with an increased risk of
diseases of macrovascular origin (e.g. myocardial infarction, stroke, and peripheral
arterial disease)4, and diseases which are partly or wholly of microvascular origin (e.g.
heart failure5, (lacunar) stroke6, depression7, cognitive decline8, retinopathy9, chronic
kidney disease10, and neuropathy9). Macrovascular and microvascular diseases impose a
substantial burden on patients, their surroundings, and health care systems. Therefore,
there is a need to understand their causes, in order to identify targets for treatment and
prevention. Microvascular dysfunction has been shown to be associated with the
aforementioned diseases of microvascular origin, and therefore may be an important
underlying mechanism5‐10. This dissertation will further focus on determinants of
microvascular dysfunction in order to understand its pathophysiology better.
Microvascular, as opposed to macrovascular research comprises a relatively new and
growing field. This is predominantly due to recent technical advances which now enable
accurate and direct measurement of microvascular function on a population‐based level.
In this chapter we describe definition, function, and assessment of the microcirculation.
Hypotheses on major cardiovascular risk factors as determinants of microvascular
(dys)function will be explained. Finally the aims and outline of this dissertation will be
formulated.

Microcirculation: definition, function, and assessment
Definition and function
The endothelium is a monolayer of endothelial cells that line the interior surface of all
blood vessels, both in the macrocirculation and microcirculation, and is important in
blood vessel physiology. As the microvasculature covers ~98% of the total vascular
surface area, ~98% of the endothelium is within the microcirculation11. The
microcirculation can be defined anatomically as blood vessels smaller than 200‐150 µm
in diameter and comprises capillaries, venules, and arterioles12.
The microcirculation is essential for the regulation of body and tissue metabolism,
and blood pressure13,14. First, the microcirculation regulates the distribution of nutrients,
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oxygen, and metabolites, primarily by vasodilation and vasoconstriction in order to
match the metabolic demand of the surrounding tissue. Second, the microcirculation
regulates overall peripheral resistance, which avoids large fluctuations of hydrostatic
pressure and stabilizes pressure at the level of the capillaries optimal for capillary
exchange15,16. Finally, the microvasculature and endothelium are involved in regulation
of many other processes such as hemostatic balance, blood cell trafficking, innate and
adaptive immunity, and vasomotor tone17. In normal conditions, local, regional,
and systemic auto‐regulatory mechanisms ensure adequate progress of these
microcirculatory functions. Microvascular function is the result of the complex
interrelation among structure and function of vessel wall components (matrix, smooth
muscle cells, and endothelium), which are also closely related to metabolic and
neurogenic influences12.

Estimates of microvascular function used in this dissertation
Several techniques can be applied to assess microvascular (endothelial) function at
different sites of the body18,19. The techniques used to assess microvascular function
applied in The Maastricht Study, the primary source of data in this dissertation, will be
described below. In the studies of this dissertation we will focus on the (nitric oxide /
endothelium‐dependent) vasodilation capacity of the retinal arteriolar microcirculation
and the skin microcirculation under stimulated conditions20,21. We specifically chose the
retina and skin, as these are easily accessible sites enabling direct, non‐invasive, and
reproducible22,23 assessment of microvascular (endothelial) function20,21. Retinal
microvascular (endothelial) function was measured by flicker light‐induced retinal
arteriolar dilation and skin microvascular (endothelial) function was measured by heat‐
induced skin hyperemia.
Retinal arteriolar vasodilation to flicker light exposure was measured by the Dynamic
Vessel Analyzer (Imedos, Jena, Germany), and is thought to be related to nutritive
demands of activated retinal neurons24. During the flicker light stimulation period, the
retinal arteriolar vessel diameter (expressed in measurement units, where
1 measurement unit equals 1 µm of the Gullstrand eye25) was likely to increase,
predominantly as a consequence of endothelium‐dependent vascular smooth muscle
cell relaxation20. Heat‐induced skin hyperemia was measured by laser‐Doppler
flowmetry (Perimed, Järfälla, Sweden), and is thought to be related to the skin
thermoregulatory function, in order to dissipate heat16. During the heating phase the
skin was locally heated to 44°C, after which an increase in skin blood flow (measured as
perfusion units, i.e. the product of the velocity and concentration of moving red blood
cells26) was observed due to endothelium‐dependent local microvascular vasodilation21.
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Impairments in stimulus‐induced retinal arteriolar and skin microvascular
vasodilation capacity can be seen as a reflection of microvascular endothelial
dysfunction, as both responses are (partly) blunted by inhibition of NG‐monomethyl‐
L‐arginine (L‐NMMA); a non‐selective inhibitor of nitric oxide synthase20,27,28. Nitric oxide
synthase in endothelial cells is an enzyme catalyzing the production of nitric oxide from
L‐arginine. Nitric oxide is an important endothelium‐derived cellular signaling molecule,
which relaxes vascular smooth muscle cells and thereby acts as a potent vasodilator.
However, this implies that impairments in retinal and skin microvascular vasodilation
responses possibly also depend on vascular smooth muscle cell dysfunction29,30.
In addition, these responses may also be caused by neuronal dysfunction, as intact
retinal and skin nerve signaling is necessary to sense and conduct the flicker and heat
stimulus, respectively21,31.

Other microvascular measures assessed in The Maastricht Study
In addition to the measurements used in this dissertation, other techniques to assess
microvascular function applied in The Maastricht Study will only be described briefly;
e.g. in the skin (by nailfold capillaroscopy), retina (by fundus photography), tongue (by
glycocalyx assessment), and brain (by magnetic resonance imaging markers of cerebral
small vessel disease)32. Microvascular responses in the skin can be studied during the
basal state and/or after applying a stimulus, such as heating, ischemia, or systemic or
local administration of endothelium‐(in)dependent vasoactive agents such as sodium
nitroprusside and acetylcholine. Lower responses generally reflect microvascular
(endothelial) dysfunction21,33,34. In addition, microvascular morphology can be
investigated via retinal microvascular calibers35 and/or tortuosity36, and skin capillary
density37.
An indirect method to assess microvascular function is the measurement of plasma
biomarkers, such as soluble intracellular adhesion molecule 1 (sICAM‐1), soluble vascular
adhesion molecule (sVCAM‐1), von Willebrand factor (vWF), and soluble E‐selectin.
Increased levels of these markers are assumed to reflect procoagulant and
prothrombotic activity (i.e. vWF)38,39 and endothelial permeability to leucocytes
(i.e. sICAM‐1, sVCAM‐1, and E‐selectin)38,39. Higher levels of these biomarkers are likely
to reflect microvascular endothelial dysfunction, as they mainly originate from the
microvascular endothelium38,40. Another alternative indirect measure of microvascular
endothelial function is urinary albumin excretion38,41, as it is thought that urinary
albumin excretion reflects generalized microvascular endothelial permeability42.
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Is it likely that microvascular endothelial dysfunction is a feature of
prediabetes and type 2 diabetes?
It is well known that T2D is associated with an increased risk of cardiovascular disease,
which can be partly explained by large‐artery endothelial dysfunction. However, large‐
artery endothelial dysfunction is already present in prediabetes43‐45, which suggests that
the pathogenesis of macrovascular disease in individuals with T2D starts prior to the
diagnosis of T2D (ticking clock hypothesis)46. This may also explain the increased risk of
macrovascular disease in individuals with prediabetes47.
The ticking clock hypothesis was originally based on the observation that an adverse
cardiovascular risk profile (including elevated total and low‐density lipoprotein
cholesterol levels, triglycerides levels, body mass index, blood pressure, and lower levels
of high‐density lipoprotein cholesterol) was already present years before the clinical
diagnosis of T2D48. It is however unknown whether microvascular endothelial
dysfunction, similar to the ticking clock phenomenon of macrovascular endothelial
dysfunction, also occurs in prediabetes. If this is the case it may explain the increased
risk of complications that are (partly) of microvascular origin, which can occur in
prediabetes or early in the course of T2D49. In view of the above, we hypothesized that
microvascular endothelial dysfunction is present in prediabetes and further deteriorates
in T2D.
If microvascular endothelial dysfunction proves to be a feature of prediabetes (and
further deteriorates in T2D), it is important to understand the underlying mechanisms.
Several studies suggest that both metabolic and vascular risk factors are likely to be
involved13,50‐55. Key metabolic features of T2D are progressive insulin resistance and
β‐cell dysfunction, which can lead to hyperglycemia and abnormal insulin signaling,
which further aggravate hyperglycemia. Hyperglycemia may impair microvascular
function, via the formation of advanced glycation end products and reactive oxygen
species. Both can quench endothelium‐derived nitric oxide and directly inhibit nitric
oxide synthase activity, which leads to impaired nitric oxide bioavailability52,56‐60 and may
thereby impair microvascular vasodilation. However, T2D typically is associated with an
adverse cardiovascular risk profile consisting of low‐grade inflammation1, dyslipidemia3,
hypertension2, and arterial stiffness44. Importantly, there is evidence that each of these
comorbid vascular risk factors is also linked to microvascular dysfunction, for instance
through adverse effects on the insulin signaling pathway, impairment of nitric oxide
bioavailability, abnormal regulation of vasomotor tone, and/or increased pulsatile
flow50,51,53‐55, all of which may affect microvascular vasodilation.
While multiple studies13,50‐55 have shown pathways through which hyperglycemia,
insulin resistance, hypertension, dyslipidemia, arterial stiffness, and low‐grade
inflammation may impact microvascular function, it has not been investigated whether
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the effects of prediabetes and T2D on microvascular endothelial function are dependent
on the degree of those metabolic and vascular risk factors. This is important, as it may
help to unravel the etiology of (pre)diabetes‐associated microvascular endothelial
dysfunction. Microvascular endothelial dysfunction is thought to be involved in the
pathophysiology of numerous common diseases such as heart failure, (lacunar) stroke,
depression, cognitive decline, retinopathy, chronic kidney disease, and
neuropathy5‐10,42,61. The ultimate goal is to find targets for strategies to prevent or
reduce these common diseases, which frequently occur in individuals with T2D62.

Is it likely that microvascular endothelial dysfunction is affected by
cardiovascular risk factors?
Cardiovascular risk factors are associated with, and thus determinants of macrovascular
diseases63‐65. The pathogenesis of macrovascular diseases involves large‐artery
endothelial dysfunction4, atherosclerosis43, and arterial stiffening44. However, due to
endothelial cell heterogeneity (i.e. endothelial cells differ remarkably in function and
structure depending on their localization), this does not necessarily imply that
microvascular endothelial function is affected similarly66,67.
The pathophysiology of common diseases such as heart failure, (lacunar) stroke,
depression, cognitive decline, retinopathy, chronic kidney disease, and neuropathy is
thought to involve microvascular endothelial dysfunction5‐10,42,61. As these diseases,
which are (in part) of microvascular origin, affect both individuals with and without T2D,
it is important to elucidate determinants of microvascular endothelial function in the
general population.
Several small (mostly intervention) studies55,68‐74 have investigated major
cardiovascular risk factors as determinants of microvascular function. These
cardiovascular risk factors included (directly) modifiable factors (e.g. current smoking,
low levels of physical activity, high levels of sedentary time, hypertension, dyslipidemia,
hyperglycemia, and obesity) and unmodifiable factors (e.g. aging and male sex).
However, these studies55,68‐74 were conducted with small numbers of highly selected
individuals. For example, study populations were comprised of lean versus obese
subjects with a body mass index of 21 kg/m2 versus 39 kg/m2 68, or compared highly
trained professional football players with untrained individuals74, which is not
representative for habitual physical activity. Importantly and additionally, these studies
were insufficiently adjusted for potential confounders. Both the insufficient adjustment
and the highly selected study populations limit the translation of these findings to the
general population.
Many cardiovascular risk factors of macrovascular diseases are also associated with
microvascular diseases49,75‐77, we therefore hypothesized that aging, male sex,
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hypertension, dyslipidemia, hyperglycemia, higher waist circumference, current
smoking, low levels of physical activity, and high levels of sedentary time are also
determinants of microvascular endothelial function.

Cohort study used in this dissertation
The results presented in this dissertation are based on data of The Maastricht Study32,
an ongoing prospective population‐based cohort study that focuses on the etiology,
pathophysiology, complications, and comorbidities of T2D. A large sample of individuals
aged 40‐75 was recruited from the Maastricht and Heuvelland region with oversampling
of individuals with T2D. The Maastricht Study is characterized by an extensive
phenotyping approach, including an oral glucose tolerance test to determine
prediabetes and T2D status (which is the gold standard), 24‐h ambulatory blood
pressure measurements, objectively measured levels of habitual physical activity and
sedentary time, and extensive assessment of microvascular function. This approach
provides unique opportunities to study associations of prediabetes, T2D, as well as major
cardiovascular risk factors as determinants of microvascular function. For this
dissertation, data were used from the first 3451 individuals who completed the baseline
survey between November 2010 and September 2013.

Aims and outline of this dissertation
Microvascular endothelial dysfunction is an important underlying mechanism of
common diseases which are (partly) of microvascular origin, such as heart failure,
(lacunar) stroke, depression, cognitive decline, retinopathy, chronic kidney disease, and
neuropathy5‐10,42,61. Therefore, it is important to unravel determinants of microvascular
(dys)function in the general population and specifically in individuals with T2D (who are
at increased risk of developing these diseases), as it may highlight targets for the
prevention of microvascular diseases. In view of the above, the general aims of this
dissertation were to investigate, in a population‐based setting, associations of
prediabetes, T2D, and (modifiable) cardiovascular risk factors with retinal arteriolar and
skin microvascular endothelial function (Figure 1.1). In addition, we investigated whether
(pre)diabetes‐associated microvascular dysfunction was potentially attributable to
hyperglycemia, insulin resistance, hypertension, dyslipidemia, arterial stiffness, and
low‐grade inflammation. Strengths of the studies in this dissertation include the
epidemiological approach; the size of the study population; the population‐based
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design; the extensive phenotyping approach of individuals, which enabled the
adjustment for extensive series of potential confounders, in order to reduce the risk of
residual confounding and thereby allow the investigation of relatively unbiased
associations; and the use of two independent methods to directly assess microvascular
endothelial function in different microvascular beds.

Figure 1.1

Schematic representation of the associations (bold arrows) and mediating effects (dashed
arrows) investigated in the present dissertation.
*
Cardiovascular risk factors investigated as proposed determinants of microvascular
(endothelial) function included aging, male sex, hypertension, dyslipidemia, hyperglycemia
(including prediabetes and type 2 diabetes), higher waist circumference, and current smoking.
†
Metabolic and vascular risk factors investigated as proposed mediators of (pre)diabetes‐
associated microvascular (endothelial) dysfunction included hyperglycemia, insulin resistance,
‡
arterial stiffness, hypertension, dyslipidemia, and low‐grade inflammation. Microvascular
(endothelial) function was assessed in the retina and skin as flicker light‐induced retinal arteriolar
dilation and heat‐induced skin hyperemia, respectively. The bold black arrows indicate directions
of the associations as hypothesized in this dissertation. Note that the direction of the
54
associations of hyperglycemia (including prediabetes and type 2 diabetes) , low levels of
54
78
physical activity , and some of the other cardiovascular risk factors (such as hypertension and
79
dyslipidemia ) with microvascular (endothelial) function can hypothetically also be reversed
(bold gray arrows).
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In chapter 2 we investigated whether microvascular endothelial dysfunction already
occurs in prediabetes. We tested the hypothesis that microvascular dysfunction is
already present in prediabetes, and further deteriorates in T2D, by investigating the
associations of prediabetes, T2D, and continuous plasma levels of glycemia with retinal
arteriolar and skin microvascular endothelial function.
In chapter 3 we investigated, using a mediation analysis approach, whether, and to
what extent, prediabetes‐ and T2D‐associated retinal arteriolar and skin microvascular
endothelial dysfunction were attributable to hyperglycemia, insulin resistance, blood
pressure, lipid profile, arterial stiffness, and low‐grade inflammation.
In chapter 4 we investigated whether determinants of large‐artery endothelial
dysfunction such as aging, male sex, hypertension, dyslipidemia, hyperglycemia, higher
waist circumference, and current smoking are also determinants of retinal and skin
microvascular endothelial dysfunction.
Low levels of physical activity and high levels of sedentary time are both directly
modifiable cardiovascular risk factors. In chapter 5 we examined whether objectively
measured levels of habitual physical activity and sedentary time were associated with
skin microvascular and retinal arteriolar endothelial function.
Finally, chapter 6 summarizes and discusses the results of the studies in this
dissertation and puts the findings into a broader perspective. In addition,
methodological limitations will be considered as well as implications for future research.
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Abstract
Objective
Type 2 diabetes (T2D) is associated with an increased risk of cardiovascular disease. This can be
partly explained by large‐artery dysfunction, which already occurs in prediabetes (‘ticking clock
hypothesis’). Whether a similar phenomenon also applies to microvascular dysfunction is not
known. We therefore tested the hypothesis that microvascular dysfunction is already present in
prediabetes and is more severe in T2D. To do so, we investigated the associations of prediabetes,
T2D, and measures of hyperglycemia with microvascular function measured as flicker light‐
induced retinal arteriolar dilation and heat‐induced skin hyperemia.
Methods
In The Maastricht Study, a T2D‐enriched population‐based cohort study (n=2213, 51% men, aged
59.7±8.2 years), we determined flicker light‐induced retinal arteriolar %‐dilation (Dynamic Vessel
Analyzer), heat‐induced skin %‐hyperemia (laser‐Doppler flowmetry), and glucose metabolism
status (OGTT; normal glucose metabolism (NGM) (n=1269), prediabetes (n=335), or T2D (n=609)).
Differences were assessed with multivariable regression analyses adjusted for age, sex, body mass
index, smoking, physical activity, systolic blood pressure, lipid profile, retinopathy, estimated
glomerular filtration rate, (micro)albuminuria, the use of lipid‐modifying and/or blood pressure‐
lowering medication, and history of cardiovascular disease.
Results
Retinal arteriolar %‐dilation was (mean ± SD) 3.4±2.8 in NGM, 3.0±2.7 in prediabetes, and 2.3±2.6
in T2D. Adjusted analyses showed a lower arteriolar %‐dilation in prediabetes (B=‐0.20,
95%CI (‐0.56; 0.15)), with further deterioration in T2D (B=‐0.61, (‐0.97; ‐0.25)) versus NGM,
P for trend=0.001. Skin %‐hyperemia was (mean ± SD) 1235±810 in NGM, 1109±748 in
prediabetes, and 937±683 in T2D. Adjusted analyses showed a lower %‐hyperemia in prediabetes
(B=‐46, (‐163; 72)), with further deterioration in T2D (B=‐184, (‐297; ‐71)) versus NGM,
P for trend=0.001. In addition, higher HbA1c and fasting plasma glucose (FPG) were associated
with lower retinal arteriolar %‐dilation and skin %‐hyperemia in fully adjusted models (for HbA1c,
standardized B (stB)=‐0.10, (‐0.15; ‐0.05), P<0.001 and stB=‐0.13, (‐0.19; ‐0.07), P<0.001,
respectively; for FPG, stB=‐0.09, (‐0.15; ‐0.04), P<0.001 and stB=‐0.10, (‐0.15; ‐0.04), P=0.002,
respectively).
Conclusions
Prediabetes, T2D, and measures of hyperglycemia are independently associated with impaired
microvascular function in the retina and skin. These findings support the concept that
microvascular dysfunction precedes and thus may contribute to T2D‐associated cardiovascular
disease and other complications which may in part have a microvascular origin, such as impaired
cognition and heart failure.
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Introduction
The current worldwide epidemic of type 2 diabetes (T2D)1 implies an epidemic of its
complications, both macrovascular (myocardial infarction, stroke, and peripheral arterial
disease)1‐3 and microvascular. The latter not only comprises retinopathy and
nephropathy3, but also complications that are partly of microvascular origin, notably
neuropathy, heart failure4, stroke, depression, and cognitive dysfunction5.
The pathogenesis of diabetic macrovascular complications is thought to involve
large‐artery endothelial dysfunction2, atherosclerosis6, and arterial stiffening7. Such
macrovascular dysfunction also occurs, although in less severe forms, in prediabetes6‐8,
suggesting that the pathogenesis of T2D‐associated macrovascular disease starts prior to
the diagnosis of T2D (ticking clock hypothesis9), which also explains the increased risk of
macrovascular disease in individuals with prediabetes10.
Whether individuals with prediabetes in addition have microvascular dysfunction has
not been studied systematically8,11‐13. However, some individuals have microvascular
complications at the time of diagnosis of T2D, and prediabetes has been associated not
only with risk of retinopathy and nephropathy, but also with that of neuropathy, heart
failure, stroke, and cognitive decline, which may, in part, have a microvascular origin5.
Taken together, these data5,9,10 raise the possibility that microvascular, similar to
macrovascular, dysfunction also may occur prior to the diagnosis of T2D.
In view of these considerations, we tested, in a population‐based cohort study, the
hypothesis that prediabetes, T2D, and measures of hyperglycemia are associated with
microvascular function in the retina and skin, independently of potential confounders.
We chose retina and skin as these are unique sites enabling direct and reproducible14,15
assessment of microvascular function, as measured by flicker light‐induced retinal
arteriolar dilation and heat‐induced skin hyperemia16,17.

Methods
Study population and design
We used data from The Maastricht Study, an observational prospective population‐
based cohort study. The rationale and methodology have been described previously18.
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
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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 participants, 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. From the initial 3451 participants
included, those with other types of diabetes than T2D were excluded (n=41). Of the
remaining 3410 participants, retinal arteriolar reactivity data were available in
2261 participants. The main reasons for missing data were logistical (n=882),
contraindications (n=59), or insufficient measurement quality (n=208). Covariates were
missing in 48 participants. The retinal arteriolar reactivity study population thus
consisted of 2213 participants. Heat‐induced skin hyperemia data were available in 1647
of the 3410 participants. The reason for missing data were logistical (n=1650), technical
(n=24), or insufficient measurement quality (n=89). Covariates were missing in 52
participants. The heat‐induced skin hyperemia study population thus consisted of 1595
participants (Figure 2.1 shows the flow chart).

Assessment of glucose metabolism status
To assess glucose metabolism status, all participants (except those who used insulin)
underwent a standardized 2‐h 75 gram oral glucose tolerance test (OGTT) after an
overnight fast. For safety reasons, participants with a fasting glucose level above
11.0 mmol/l, as determined by a finger 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 normal glucose metabolism
(NGM), impaired fasting glucose, impaired glucose tolerance (combined as prediabetes),
or T2D18.

Assessment of microvascular function
All participants were asked to refrain from smoking and drinking caffeine‐containing
beverages three hours before the measurement19. A light meal (breakfast and (or)
lunch), low in fat content, was allowed at last 90 minutes prior to the start of the
measurements. For retinal measurements pupils were dilated with 0.5% tropicamide
and 2.5% phenylephrine at least 15 minutes prior to the start of the examination. Skin
blood flow measurements were performed in a climate‐controlled room at 24°C20.
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Figure 2.1

Retinal study population
for model 4 (n=2092)

Retinal study population
for models 1‐3 (n=2213)

Population with retinal
measurements (n=2261)

Skin study population
for model 4 (n=1405)

Skin study population
for models 1‐3 (n=1595)

Population with skin
measurements (n=1647)

Missing complication status
Retinopathy (n=155)
History of CVD (n=16)
eGFR (n=11)
Albumin excretion (n=8)

Missing on covariate
Smoking status (n=47)
Triglycerides (n=2)
HbA1c (n=1)
Systolic blood pressure (office) (n=1)
Body mass index (n=1)

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

Retinal and skin study population selection.
CVD indicates cardiovascular disease; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin A1c. * Logistical reasons: no DVA
equipment available (n=535), no trained researcher available (n=227), no eye drops given for traffic safety reasons (n=120); † Contraindicated:
history of epilepsy (n=14), allergy to eye drops (n=31), glaucoma or lens implants (n=14); ‡ Logistical reasons: no laser‐Doppler equipment available
(n=353), no trained researcher available (n=264), technical failure (n=1033).

Missing complication status
Retinopathy (n=65)
History of CVD (n=28)
Albumin excretion (n=14)
eGFR (n=14)

Missing on covariate
Smoking status (n=37)
Lipid‐modifying medication (n=3)
Body mass index (n=3)
HbA1c (n=3)
Systolic blood pressure (office) (n=2)

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

No type 2 diabetes
Type 1 diabetes (n=37)
Other type of diabetes (n=4)

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

Population of The Maastricht Study (N=3451)
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Retinal arteriolar dilation response
The retinal arteriolar dilation response to flicker light, which is thought to be related to
nutritive demands of activated retinal neurons21, was measured in a dimly lit room by
use of the Dynamic Vessel Analyzer (DVA) (Imedos, Jena, Germany). For safety reasons,
participants with an intraocular pressure exceeding 30 mmHg were excluded from
retinal measurements. Per participant, we randomly measured the left or right eye.
During the measurement, the participant was instructed and encouraged to focus on
the tip of a fixated needle inside the retinal camera (FF450; Carl Zeiss GmbH, Jena,
Germany), while the fundus of the eye was examined under green measuring light
(530‐600 nm, illumination of fundus approximately 6500 lux). A straight arteriolar
segment of approximately 1.5 mm in length located 0.5 to 2.0 disc diameter from the
margin of the optic disc in the temporal section was examined. When the specific vessel
profile was recognized, vessel diameter was automatically and continuously measured
for 150 seconds. A baseline recording of 50 seconds was followed by a 40‐second flicker
light exposure period (flicker frequency 12.5 Hz, bright‐to‐dark contrast ratio 25:1)
followed by a 60‐second recovery period. The DVA automatically corrected for
alterations in luminance caused by, for example, slight eye movements. During blinks
and small eye movements, the registration stopped and restarted once the vessel
segment was automatically re‐identified21.
The integrated DVA software (version 4.51, Imedos) automatically calculated
baseline diameter and percentage dilation. Baseline diameter was calculated as the
average diameter size of the 20‐50 seconds recording and was expressed in
measurement units (MU), where 1 MU is equal to 1 µm of the Gullstrand eye22.
Percentage dilation over baseline was based on the average dilation achieved at time‐
points 10 and 40 seconds during the flicker stimulation period. Two regression lines
were drawn (at interval 0‐10 seconds and 10‐40 seconds during flicker stimulation) and
averaged to assess average percentage dilation (Figure 2.2A). The software successfully
assessed two regression lines in 95.4% of the curves; only 102 dilation curves (4.6%)
were based on one regression line. The purpose of taking the average dilation was to
account for inter‐individual variation in the curve shape during dilation.

Skin hyperemic response
Skin blood flow was measured as described previously by means of a laser‐Doppler
system (Periflux 5000, Perimed, Järfälla, Sweden), equipped with a thermostatic laser‐
Doppler probe (PF457; Perimed) at the dorsal side of the wrist of the left hand23. The
laser‐Doppler output was recorded for 25 minutes with a sample rate of 32 Hz, which
gives semi‐quantitative assessment of skin blood flow expressed in arbitrary perfusion
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units (PU) (Supplemental Methods Appendix 2.1)5. Skin blood flow was first recorded
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. The heat‐induced skin hyperemic response
was expressed as the percentage increase in average PU during the 23 minutes heating
phase over the average baseline PU (Figure 2.2B). The response is thought to be related
to skin thermoregulatory function24.

Figure 2.2

(A) Schematic Dynamic Vessel Analyzer registration of a flicker light‐induced retinal arteriolar
dilation response. (B) Schematic laser‐Doppler registration of a heat‐induced skin hyperemic
response. Dil=dilation, Avg=average, PU=perfusion units, min=minutes. * Regression lines were
drawn at interval 0‐10 seconds and 10‐40 seconds during flicker stimulation.
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Validation of measurements
Retinal and skin vasodilation measurements were performed by different observers,
after an intensive training period. Inter‐observer reliability (ICC) of the retinal arteriolar
baseline diameter and percentage dilation response (n=9) between two randomly
selected observers were 0.980 and 0.796, respectively. Retinal arteriolar dilation
response curves were analyzed by one observer for measurement quality decisions,
while heat‐induced skin hyperemic response curves were analyzed by two observers
(n=1760, ICC=0.839). Retinal and skin response curves with insufficient measurement
quality, e.g. insufficient measurement points or movement artifacts were evaluated and
discussed with a second observer, and excluded on mutual agreement. To assess the ICC
of retinal response curves quality decisions 50 curves were evaluated by two observers
(ICC=0.883).

Measurement of covariates
History of cardiovascular disease, duration of diabetes, menopausal status, physical
activity (hours/week), and smoking status (never, former, current) were assessed by
questionnaire18. Use of lipid‐modifying, antihypertensive, and glucose‐lowering
medication as well as postmenopausal hormone replacement therapy was assessed
during a medication interview where generic name, dose, and frequency were
registered18. We measured weight, height, body mass index, waist circumference, office
and ambulatory 24‐h blood pressure, plasma glucose levels, serum creatinine, 24‐h
urinary albumin excretion (twice), glycated hemoglobin A1c (HbA1c), and plasma lipid
profile as described elsewhere18. Estimated glomerular filtration rate (eGFR; in
ml/min/1.73m2) was calculated with the Chronic Kidney Disease Epidemiology
Collaboration (CDK‐epi) equation based on both serum creatinine and serum
cystatin C25. The presence of retinopathy was based on fundus photographs taken with
an auto fundus camera (Model AFC‐230, Nidek, Gamagori, Japan)18.

Statistical analysis
All analyses were performed by use of the Statistical Package for Social Sciences version
22.0 (IBM SPSS, Armonk, USA). Multiple linear regression analysis was used to determine
the association of glucose metabolism (NGM, prediabetes, and T2D), fasting plasma
glucose (FPG), 2‐h postload OGTT plasma glucose levels, or HbA1c with retinal arteriolar
dilation and heat‐induced skin hyperemia. For linear trend analyses, the categorical
variable glucose metabolism status (NGM=0, prediabetes=1, and T2D=2) was used in the
regression models. To assess regression coefficients per glucose metabolism group
pairwise analyses with dummy variables for prediabetes and T2D were used. Model 1
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was the crude model, model 2 was adjusted for age and sex, and model 3 was
additionally adjusted for cardiovascular risk factors that have previously been associated
with altered vessel responses, and may therefore be potential confounders (body mass
index, smoking status, systolic blood pressure, physical activity, use of antihypertensive
and/or lipid‐modifying drugs, fasting triglycerides, and total‐to‐HDL‐cholesterol levels). In
model 4 we additionally adjusted for history of cardiovascular disease, retinopathy,
eGFR, and urinary albumin excretion (the latter two as continuous variables). A P‐value
<0.05 was considered statistically significant. Interaction terms (e.g. prediabetes * sex or
HbA1c * sex) were incorporated in the regression models to test for interaction between,
on the one hand, prediabetes, T2D, and measures of hyperglycemia, and, on the other
hand, sex, on retinal arteriolar dilation and heat‐induced skin hyperemia.
A Pinteraction<0.10 was considered statistically significant.

Results
Characteristics of study population
General characteristics of the population in which retinal reactivity data were available
are shown in Table 2.1, stratified for glucose metabolism status. The study population
consisted of 2213 individuals with a mean ± standard deviation (SD) age of 59.7±8.2
years of whom 51.1% were men. Individuals with T2D were, by design, oversampled
(27.5%). The cardiometabolic risk profile deteriorated with glucose metabolism status.
Individuals with T2D were older, more often male and/or current smoker and had a
higher body mass index, waist circumference, blood pressure, FPG and triglycerides
levels, and less physical activity, than individuals without T2D (Table 2.1). The population
in which heat‐induced skin hyperemia data were available (n=1595), overlapped for 73%
with the population in which retinal reactivity data were available, and was comparable
with regard to age, sex, and cardiometabolic risk profile (Supplemental Tables S2.1 and
S2.2). Individuals with missing data on retinal or skin reactivity measurements or
covariates were to a great extent comparable with regard to age, sex, and
cardiometabolic risk profile as compared to individuals included in the study populations
(Supplemental Tables S2.1 and S2.2).
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Table 2.1

General characteristics and retinal and skin measures of the retinal study population according
to glucose metabolism status

Characteristic
Age (years)
Women
‐ Postmenopausal
‐ Hormone replacement therapy
Diabetes duration (years)*
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Physical activity (hours/week)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)†
HbA1c (%)
HbA1c (mmol/mol)
Triglycerides (mmol/l)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Insulin
‐ Metformin
‐ Sulfonylureas
‐ Thiazolidinediones
‐ GLP‐1 analogs
‐ DPP‐4 inhibitors
eGFR (ml/min/1.73m2)
eGFR<60 (ml/min/1.73m2)
(Micro)albuminuria‡
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]
Baseline skin blood flow (PU)§
Skin hyperemic response (%)§
‐ Mean ± SD
‐ Median [interquartile range]

NGM
n=1269
57.8±8.2
737 (58.1)
542 (75.2)
13 (1.8)
‐
25.4±3.5

Prediabetes
n=335
61.3±7.5
155 (46.3)
121 (81.2)
2 (1.3)
‐
27.5±4.3

Type 2 diabetes
n=609
62.8±7.6
191 (31.4)
148 (87.6)
3 (1.6)
8.2±7.0
29.8±4.9

96.1±9.2
85.5±9.9
141 (11.3)
130.9±17.3
75.4±9.9
117.3±11.4
73.6±7.2
14.8±8.0

101.9±10.8
92.2±12.4
40 (12.0)
137.3±17.2
78.1±9.7
119.9±11.2
74.4±7.2
14.6±8.0

107.4±12.7
101.3±13.9
158 (26.3)
142.1±17.6
77.4±9.6
122.5±11.7
72.9±7.0
11.9±7.5

508/614/147
40.0/48.4/11.6
5.2±0.4
5.4±1.1
5.4±0.3
35.7±3.7
1.2±0.6
3.5±1.1
5.6±1.0
1.7±0.5
3.3±0.9
266 (21.0)
203 (16.0)
0 (0)
‐
‐
‐
‐
‐
‐
90.3±13.0
19 (1.5)
55 (4.4)
1 (0.1)
115.5±15.5

95/199/41
28.4/59.4/12.2
5.9±0.6
8.1±1.7
5.7±0.4
38.5±4.5
1.6±1.0
3.8±1.2
5.5±1.2
1.5±0.4
3.2±1.0
141 (42.1)
117 (34.9)
0 (0)
‐
‐
‐
‐
‐
‐
87.2±13.7
11 (3.3)
18 (5.4)
1 (0.3)
114.5±15.8

177/346/86
29.1/56.8/14.1
7.9±2.1
14.3±3.9
6.9±1.0
51.7±11.4
1.8±1.0
3.7±1.1
4.4±1.0
1.3±0.4
2.4±0.9
438 (71.9)
454 (74.5)
476 (78.2)
121 (19.9)
423 (69.5)
119 (19.5)
6 (1.0)
3 (0.5)
43 (7.1)
84.7±17.3
62 (10.3)
106 (17.4)
25 (4.2)
115.9±15.9

3.4±2.8
3.1 [1.2‐5.3]
11.1±6.8

3.0±2.7
2.7 [0.8‐4.9]
11.5±6.8

2.3±2.6
1.5 [0.4‐3.8]
10.9±5.6

1234.9±810.4
1097.4 [646.8‐1630.7]

1108.7±747.9
995.5 [567.0‐1518.5]

936.7±683.2
821.3 [480.0‐1207.8]

Data are reported as mean ± SD or number (percentage %) as appropriate. Data present the retinal study population for
regression models 1‐3. NGM, normal glucose metabolism; SBP, systolic blood pressure; DBP, diastolic blood pressure;
HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; GLP, glucagon‐like peptide;
DPP‐4, dipeptidyl peptidase‐4; eGFR, estimated glomerular filtration rate; MU, measurement units; PU, perfusion units.
*
Available in 420 T2D individuals. † Available in 471 T2D individuals. ‡ (Micro)albuminuria was defined as a urinary albumin
excretion of >30 mg per 24 hours. § heat‐induced skin hyperemia measures were available in a different subset of n=1595
(Supplemental Table S2.1).
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Glucose metabolism status and flicker light‐induced retinal arteriolar
dilation
Arteriolar baseline diameter did not significantly differ among the three groups of
glucose metabolism in crude or adjusted analyses, while the average %‐dilation was
lower in individuals with prediabetes and T2D as compared to NGM (P for trend <0.001,
Figure 2.3A and Table 2.2). Adjustment for age and sex attenuated the difference in
%‐dilation between individuals with T2D or prediabetes and NGM, but the association
remained statistically significant (P for trend <0.001). Additional adjustment for
cardiovascular risk factors (model 3) and for history of cardiovascular disease,
retinopathy, eGFR, and urinary albumin excretion (model 4) further attenuated the
difference in %‐dilation between individuals with T2D or prediabetes and NGM, but the
association again remained statistically significant, with the unstandardized regression
coefficient of prediabetes consistently ~1/2 to 1/4 of the T2D coefficient (Figure 2.3A
and Table 2.2). Possible confounders, in the fully adjusted model, that were associated
with the retinal dilator response were age (B=‐0.04, 95% confidence interval (95%CI)
(‐0.06; ‐0.02)), systolic blood pressure (B=0.01, (0.00; 0.02)), triglycerides (B=‐0.18,
(‐0.37; 0.01)), and retinopathy (B=‐1.34, (‐2.41; ‐0.26)); betas indicate the change in
%‐dilation per 1 unit higher age, systolic blood pressure, and triglycerides, or when
having retinopathy.

Glucose metabolism status and heat‐induced skin hyperemic outcomes
Baseline skin blood flow did not significantly differ among the three groups of glucose
metabolism in crude or adjusted analyses, while the hyperemic response was lower in
individuals with prediabetes and T2D as compared to NGM (P for trend <0.001, Figure
2.3B and Table 2.2). Adjustment for age and sex attenuated the difference in hyperemic
response between individuals with T2D or prediabetes and NGM, but the association
remained statistically significant (P for trend <0.001). Additional adjustment for
cardiovascular risk factors (model 3) and for history of cardiovascular disease,
retinopathy, eGFR, and urinary albumin excretion (model 4) further attenuated the
difference in hyperemic response between individuals with T2D or prediabetes and
NGM, but the association again remained statistically significant, with the
unstandardized regression coefficient of prediabetes consistently ~1/2 to 1/4 of the T2D
coefficient (Figure 2.3B and Table 2.2). Possible confounders, in the fully adjusted model,
that were significantly associated with the skin hyperemic response were age (B=‐12,
95%CI (‐19; ‐6)), female sex (B=311, (224; 397)), body mass index (B=11, (1; 21)),
smoking status (B=‐265, (‐398; ‐132)), systolic blood pressure (B=3, (0; 5)), and
triglycerides (B=‐89, (‐144; ‐33)); betas indicate the change in %‐hyperemia per unit
higher age, body mass index, systolic blood pressure, and triglycerides, or being female
or a current (versus never) smoker.
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Figure 2.3
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Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation (A) and
heat‐induced skin %‐hyperemia (B) between individuals with prediabetes (PreDM) and type 2
diabetes (T2D) compared to normal glucose metabolism (NGM).
Bars represent the mean difference with standard error in retinal arteriolar %‐dilation or heat‐
induced skin %‐hyperemia for prediabetes and T2D as compared to NGM. P‐values indicate trend
analyses among NGM, prediabetes, and T2D. NGM is the reference and is set to zero. Model 2:
adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, and use of
antihypertensive and/or lipid‐modifying drugs. Model 4: additionally adjusted for history of
cardiovascular disease, retinopathy, eGFR, and urinary albumin excretion.
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Table 2.2

Multivariable‐adjusted differences in retinal arteriolar baseline diameter, flicker light‐induced
retinal arteriolar %‐dilation, skin baseline blood flow, and heat‐induced skin %‐hyperemia among
individuals with normal glucose metabolism (NGM), prediabetes, and type 2 diabetes

Characteristic
Retinal arteriolar baseline diameter (MU)
Crude
Model 2
Model 3
Model 4
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 3
Model 4
Skin baseline blood flow (PU)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 3
Model 4

Prediabetes*
B (95%CI)
‐1.02 (‐2.91; 0.86)
‐0.69 (‐2.60; 1.22)
‐0.62 (‐2.58; 1.35)
‐0.05 (‐2.06; 1.96)
B (95%CI)
‐0.39 (‐0.73; ‐0.06)
‐0.27 (‐0.60; 0.07)
‐0.19 (‐0.53; 0.16)
‐0.20 (‐0.56; 0.15)
stB (95%CI)
‐0.05 (‐0.09; ‐0.01)
‐0.03 (‐0.08; 0.01)
‐0.02 (‐0.07; 0.02)
‐0.03 (‐0.07; 0.02)
B (95%CI)
0.37 (‐0.53; 1.27)
0.05 (‐0.87; 0.96)
0.35 (‐0.59; 1.28)
0.15 (‐0.86; 1.17)
B (95%CI)
‐126 (‐233; ‐19)
‐49 (‐156; 57)
‐60 (‐169; 50)
‐46 (‐163; 72)
stB (95%CI)
‐0.06 (‐0.11; ‐0.01)
‐0.02 (‐0.07; 0.03)
‐0.03 (‐0.08; 0.02)
‐0.02 (‐0.08; 0.03)

Type 2 diabetes*
B (95%CI)
0.39 (‐1.12; 1.90)
0.91 (‐0.69; 2.51)
0.84 (‐1.13; 2.80)
0.83 (‐1.20; 2.86)
B (95%CI)
‐1.07 (‐1.34; ‐0.80)
‐0.90 (‐1.18; ‐0.62)
‐0.66 (‐1.01; ‐0.31)
‐0.61 (‐0.97; ‐0.25)
stB (95%CI)
‐0.17 (‐0.21; ‐0.13)
‐0.14 (‐0.19; ‐0.10)
‐0.11 (‐0.16; ‐0.05)
‐0.10 (‐0.16; ‐0.04)
B (95%CI)
‐0.19 (‐0.91; 0.53)
‐0.58 (‐1.33; 0.18)
0.00 (‐0.90; 0.91)
‐0.25 (‐1.23; 0.72)
B (95%CI)
‐298 (‐384; ‐213)
‐188 (‐276; ‐100)
‐209 (‐314; ‐104)
‐184 (‐297; ‐71)
stB (95%CI)
‐0.18 (‐0.23; ‐0.13)
‐0.11 (‐0.16; ‐0.06)
‐0.12 (‐0.19; ‐0.06)
‐0.11 (‐0.18; ‐0.04)

P for trend
0.749
0.334
0.490
0.457
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.001
0.689
0.151
0.930
0.655
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.001

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. SD, standard deviation; CI, confidence interval.
Model 2: adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, and use of antihypertensive and/or
lipid‐modifying drugs. Model 4: additionally adjusted for history of cardiovascular disease, retinopathy, eGFR,
*
and urinary albumin excretion. The retinal reactivity population consisted of 335 individuals with prediabetes
and 609 with type 2 diabetes, the heat‐induced skin hyperemia population consisted of 254 individuals with
prediabetes and 478 with type 2 diabetes.

Associations of measures of hyperglycemia with retinal arteriolar dilation
and heat‐induced skin hyperemia
HbA1c, FPG, and 2‐h postload glucose levels were not associated with baseline retinal
arteriolar diameter or baseline skin blood flow, either in crude or adjusted models (data
not shown). In contrast, both HbA1c and FPG were associated with the average
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percentage dilation and hyperemic response, both in crude and adjusted models (Table
2.3 and Figure 2.4). The association of 2‐h postload glucose levels with retinal arteriolar
percentage dilation was non‐significant after adjustment for cardiovascular risk factors
and remained significant for the skin hyperemic response (Table 2.3 and Figure 2.4).
Table 2.3

Multivariable‐adjusted associations of HbA1c, fasting glucose, and 2‐h postload glucose levels
with the flicker light‐induced retinal arteriolar dilator and the heat‐induced skin hyperemic
response

Characteristic
Retinal arteriolar
average dilation (%)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin
hyperemia (%)
Crude
Model 2
Model 3
Model 4

HbA1c
stB (95%CI)

P‐value

Fasting glucose
stB (95%CI)
P‐value

2‐h postload glucose
stB (95%CI)
P‐value

‐0.17 (‐0.21; ‐0.13)
‐0.15 (‐0.19; ‐0.11)
‐0.12 (‐0.17; ‐0.07)
‐0.10 (‐0.15; ‐0.05)

<0.001
<0.001
<0.001
<0.001

‐0.16 (‐0.20; ‐0.12)
‐0.14 (‐0.18; ‐0.10)
‐0.11 (‐0.16; ‐0.06)
‐0.09 (‐0.15; ‐0.04)

<0.001
<0.001
<0.001
<0.001

‐0.11 (‐0.15; ‐0.07)
‐0.08 (‐0.13; ‐0.04)
‐0.05 (‐0.10; 0.00)
‐0.04 (‐0.10; 0.01)

<0.001
<0.001
0.054
0.123

‐0.17 (‐0.21; ‐0.12)
‐0.12 (‐0.17; ‐0.07)
‐0.13 (‐0.18; ‐0.07)
‐0.13 (‐0.19; ‐0.07)

<0.001
<0.001
<0.001
<0.001

‐0.16 (‐0.20; ‐0.11)
‐0.10 (‐0.15; ‐0.05)
‐0.10 (‐0.15; ‐0.04)
‐0.10 (‐0.15; ‐0.04)

<0.001
<0.001
0.001
0.002

‐0.14 (‐0.19; ‐0.09)
‐0.08 (‐0.13; ‐0.03)
‐0.10 (‐0.16; ‐0.04)
‐0.09 (‐0.15; ‐0.02)

<0.001
0.002
0.001
0.007

Point estimates (standardized betas) and 95%CIs represent the change in flicker light‐induced retinal arteriolar
%‐dilation (in SD) and heat‐induced skin %‐hyperemia (in SD) per SD increase in HbA1c, fasting plasma glucose,
or 2‐h postload glucose level. stB; standardized beta, CI, confidence interval; SD, standard deviation.
Model 2: adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, and use of antihypertensive and/or
lipid‐modifying drugs. Model 4: additionally adjusted for history of cardiovascular disease, retinopathy, eGFR,
and urinary albumin excretion.
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Figure 2.4

Associations of HbA1c (top), fasting plasma glucose (middle), and 2‐h postload glucose (bottom)
with the flicker light‐induced retinal arteriolar dilator (left) and heat‐induced skin hyperemic
response (right).
Association between HbA1c and flicker light‐induced retinal arteriolar %‐dilation (A), Association
between HbA1c and heat‐induced skin %‐hyperemia (B), Association between fasting plasma
glucose and flicker light‐induced retinal arteriolar %‐dilation (C), Association between fasting
plasma glucose and heat‐induced skin %‐hyperemia (D), Association between 2‐h postload
glucose and flicker light‐induced retinal arteriolar %‐dilation (E), Association between
2‐h postload glucose and heat‐induced skin %‐hyperemia (F). Regression coefficients (B) indicate
the adjusted mean difference and 95% confidence interval (95%CI) in retinal arteriolar %‐dilation
and skin %‐hyperemia per one percent point increase in HbA1c or per mmol/l increase in fasting
glucose or 2‐h postload glucose level. Note that the regression coefficients between retinal and
skin responses differ due to differences in the scales of the response effect size. HbA1c indicates
glycated hemoglobin A1c.
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Additional analyses
With regard to the retinal arteriolar dilation analyses, the associations of prediabetes
and T2D, fasting glucose, 2‐h postload glucose, or HbA1c with average percentage
dilation remained unchanged after excluding participants of whom the average
percentage dilation was based on 1 instead of 2 regression lines (n=102, data not
shown). Second, no significant differences were found between average percentage
dilation measured in the right versus the left eye (3.0±2.7% and 3.1±2.9%, respectively,
P=0.153). Third, qualitatively similar associations of prediabetes, T2D, fasting glucose,
2‐h postload glucose, or HbA1c with the retinal arteriolar dilator response were found
when using absolute retinal arteriolar diameter corrected for baseline arteriolar
diameter (data not shown). Similar associations also remained when substituting office
systolic blood pressure for 24‐h ambulatory systolic blood pressure (for retinal analyses,
24‐h ambulatory blood pressure was available in n=1962 individuals; Supplemental
Table S2.3), or adding physical activity (for retinal analyses, physical activity data were
available in n=1974 individuals; Supplemental Table S2.4), or further specification of
blood pressure‐lowering medication into renin‐angiotensin‐aldosterone system
(RAAS) inhibitors and other types of antihypertensives in the regression models
(Supplemental Table 2.5). Fourth, analyses excluding T2D participants with microvascular
complications (retinopathy, eGFR<60 ml/min/1.73m2, and/or urinary albumin excretion
>30 mg/24 hour; Supplemental Table S2.6), or using ‘newer’ types of anti‐diabetic
medication (such as glucagon‐like peptide‐1 (GLP‐1) analogs, thiazolidinediones, or
dipeptidyl peptidase‐4 (DPP‐4) inhibitors; Supplemental Table S2.7), gave similar results
with regard to the associations of prediabetes and T2D, fasting glucose, 2‐h postload
glucose, or HbA1c with average percentage dilation.
Fifth, with regard to heat‐induced skin hyperemia analyses, qualitatively similar
associations of prediabetes, T2D, fasting glucose, 2‐h postload glucose, or HbA1c with
the heat‐induced skin hyperemic response were found when using absolute skin blood
flow corrected for baseline skin blood flow (data not shown). Similar associations also
remained when substituting office systolic blood pressure for 24‐h ambulatory systolic
blood pressure (for skin analyses, 24‐h ambulatory blood pressure was available in
n=1402 individuals; Supplemental Table S2.3), or adding physical activity (for skin
analyses, physical activity data were available in n=1406 individuals; Supplemental
Table S2.4), or further specification of blood pressure‐lowering medication into RAAS
inhibitors and other types of antihypertensives in the regression models (Supplemental
Table S2.5). Sixth, analyses excluding T2D participants with microvascular complications
(Supplemental Table S2.6), or using ‘newer’ types of anti‐diabetic medication
(Supplemental Table S2.7), gave similar results with regard to the associations of
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prediabetes and T2D, fasting glucose, 2‐h postload glucose, or HbA1c with the heat‐
induced skin hyperemic response.
Seventh, qualitatively similar associations of prediabetes, T2D, fasting glucose,
2‐h postload glucose, or HbA1c with the flicker light‐induced retinal arteriolar dilation
and heat‐induced skin hyperemic response were found when excluding outliers (defined
as <3SD or >3SD; n=11 for retinal measures, n=25 for skin measures) (data not shown) or
when selecting individuals who both had a retinal and skin measurement (n=1162) (data
not shown). Finally, the associations between prediabetes, T2D, and measures of
hyperglycemia with flicker light‐induced retinal arteriolar dilation and heat‐induced skin
hyperemia did not statistically significantly differ between men and women (P‐values for
interaction >0.140). Moreover, additional adjustment for postmenopausal status and/or
hormone replacement therapy in women did not influence the associations of
prediabetes, T2D, fasting glucose, 2‐h postload glucose, or HbA1c with flicker light‐
induced retinal arteriolar dilation or heat‐induced skin hyperemia (Supplemental
Table S2.8).

Discussion
This study demonstrates that both prediabetes and T2D are associated with
microvascular dysfunction in retina and skin. In addition, measures of glycemia (HbA1c,
fasting or 2‐h postload glucose levels) are linearly associated with microvascular
dysfunction. These associations were independent of major cardiovascular risk factors
and clinically defined diabetic retinopathy and nephropathy. Taken together, these data
support the concept that generalized microvascular dysfunction occurs prior to the
diagnosis of T2D and may play a role in disorders that are (in part) of microvascular
origin and that may occur early in the course of T2D and indeed in prediabetes, notably
retinopathy, nephropathy, neuropathy, heart failure, stroke, and cognitive decline.
This is the first large, population‐based study to show that microvascular dysfunction
is a feature of prediabetes and T2D. Importantly, and in contrast to previous, smaller
studies12,13,26‐28, we showed that these findings were independent of a broad array of
potential confounders, which, as compared to age‐ and sex‐adjusted estimates,
explained about 2 to 32% of the associations between (pre)diabetes and microvascular
dysfunction (Table 2.2 and Supplemental Table S2.4‐S2.6). In addition, we showed that
baseline values of retinal arteriolar diameters and skin perfusion were similar among the
groups, and thus did not explain group differences in microvascular responses. Retinal
arteriolar diameters were obtained in a single, temporally located vessel; our data
therefore do not necessarily contradict prior findings of wider central retinal arteriolar
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equivalent (CRAE) in prevalent diabetes16, as CRAE represents averaged diameter of at
least six arterioles radiating from the optic disc, whether temporally or nasally located.
We used linear trend analyses to test for a graded decline in microvascular function
from NGM to prediabetes to T2D, as a similar trend has been shown for macrovascular
function6‐8. Indeed, the decline in microvascular function in prediabetes was ~1/2 to 1/4
of that in T2D (Table 2.2). Our interpretation of a graded decline in microvascular
function with worsening glucose tolerance is supported by the significant associations of
higher levels of HbA1c and FPG with attenuated retinal and skin microvascular responses
(Table 2.3 and Figure 2.4), which suggests that microvascular dysfunction is closely
related to hyperglycemia. Thus, we attribute the fact that direct comparison of
microvascular function between the NGM and prediabetes groups was not statistically
significant in adjusted analyses to a type 2 statistical error, as power in such between‐
group comparisons is reduced compared to analyses of trends and of continuous
variables such as HbA1c.
Impairments in both flicker light‐induced retinal arteriolar dilation (which is nitric
oxide‐dependent29,30) and heat‐induced skin hyperemia (which depends on nitric oxide
and endothelium‐derived hyperpolarizing factors31,32) are likely to reflect microvascular
endothelial dysfunction29,32, possibly in conjunction with neuronal dysfunction13,17,31,33.
The mechanism that may underlie the association between hyperglycemia and
microvascular endothelial dysfunction may be bidirectional, i.e. microvascular
endothelial dysfunction may act as both consequence and cause of hyperglycemia2. On
the one hand, hyperglycemia can impair endothelial function through formation of
advanced glycation end products, intraendothelial accumulation of glucose, and
increased oxidative stress34. On the other hand, microvascular endothelial dysfunction
can cause or aggravate hyperglycemia, and lead to (pre)diabetes35,36, both by impairing
the timely access of glucose and insulin to their target tissues37 as well as by impairing
insulin secretion38. Consequently, a vicious circle may exist between hyperglycemia and
microvascular endothelial dysfunction.
Strengths of our study include its population‐based design with oversampling of
individuals with T2D, which enables an accurate comparison of individuals without and
with T2D; the use of an OGTT and HbA1c levels to characterize glucose metabolism; the
use of two, independent, methods to directly assess microvascular function, instead of
relying on indirect biomarkers36,39 or estimates of microvascular structure35; the
extensive assessment of potential confounders, including 24‐h ambulatory blood
pressure, and the broad array of additional analyses, which all gave consistent results.
Our study had some limitations. First, the data were cross‐sectional; therefore, we
cannot exclude reverse causality. However, from the association between diabetes and
microangiopathy it follows that there is a strong a priori likelihood that hyperglycemia
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can cause microvascular dysfunction. On the other hand, it appears likely that
microvascular dysfunction can cause hyperglycemia37, and we in fact hypothesize that
the association is bidirectional36,40. Second, we measured microvascular dysfunction in
retina and skin, and infer that findings can be generalized to other microvascular beds41,
but this inference needs to be formally tested. Third, we studied Caucasian individuals
aged 40‐75 years who were relatively intensively treated with regard to vascular and
metabolic risk factors; therefore extrapolation to other groups will need further study.
Fourth, our fully adjusted model may have been overadjusted42, as diabetic retinopathy
and nephropathy have a microvascular origin. However, qualitatively similar results were
obtained when we excluded T2D participants with clinically apparent diabetic
microangiopathy. Fifth, although we adjusted for many potential confounders, we
cannot fully exclude residual confounding by variables not included in these analyses
(e.g. dietary habits). Sixth, a single OGTT may result in misclassification of long‐term
glucose tolerance status43. Therefore, what may be considered prediabetes may be
unrecognized T2D (which would overestimate microvascular dysfunction in prediabetes),
or vice versa, and what may be considered NGM may be unrecognized prediabetes, or
vice versa (all of which would underestimate microvascular dysfunction in prediabetes).
When group size of the NGM, prediabetes, and T2D groups and misclassification
estimates43 are taken into account, the net result of these opposing effects is likely to be
underestimation of microvascular dysfunction in the prediabetes group.
In summary, we showed, in a population‐based study, that prediabetes and T2D, and
continuous measures of hyperglycemia, are associated with impaired microvascular
function in retina and skin, independently of major cardiovascular risk factors and
clinically defined diabetic retinopathy and nephropathy. These findings, therefore,
support the concept that generalized microvascular dysfunction precedes the clinical
diagnosis of T2D and may contribute to the development of microvascular complications
in T2D and prediabetes, such as retinopathy, nephropathy, neuropathy, heart failure,
stroke, and cognitive decline. These findings suggest that both early hyperglycemia and
microvascular dysfunction should be considered as potential targets of intervention.
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Supplemental Material to chapter 2
Supplemental Methods
Statistical analysis
Differences in general characteristics among individuals in the study populations and
individuals excluded due to missing values were compared by Analyses of Variance
(ANOVA) for continuous variables and χ2‐test for categorical variables.
Appendix 2.1
In 596 individuals heat‐induced skin hyperemia measurements were recorded between
20‐25 minutes. These data were extrapolated to 25 minutes using the last minute
average as reference; with a weighted correction factor of 1.017. This correction factor
is the ratio of the increase in average perfusion units in the 20‐25 interval as compared
to the average perfusion units in the 19‐20 interval.
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Prediabetes
n=254
61.9±7.4
106 (41.7)
80 (82.5)
2 (0.8)
‐
254
‐
‐
27.8±4.2
102.3±11.0
92.6±12.5
39 (15.4)
138.7±16.9
78.9±9.4
121.2±11.6
74.8±7.0
14.1±8.0
73/158/23
28.7/62.2/9.1
5.9±0.6
8.1±1.8
5.7±0.4
39.0±4.7
1.6±1.2
3.9±1.2
5.5±1.2

NGM
n=863
58.4±8.1
502 (58.2)
362 (76.1)
13 (1.5)
863
‐
‐
‐
25.5±3.7
96.3±9.5
85.6±10.2
110 (12.7)
131.2±17.2
75.6±9.8
117.3±10.5
73.6±6.8
14.5±7.7
316/444/103
36.6/51.4/11.9
5.2±0.4
5.4±1.1
5.5±0.3
36.4±3.6
1.2±0.7
3.5±1.1
5.6±1.1

132/273/73
27.6/57.1/15.3
7.8±1.9
14.3±3.8
6.9±1.1
51.8±11.7
1.7±1.0
3.8±1.2
4.4±1.0

106.8±12.6
101.6±13.8
127 (26.6)
143.1±18.4
77.4±9.2
123.3±73.1
73.1±7.0
12.1±7.6

‐
‐
478
7.8±6.4
29.6±4.8

Type 2 diabetes
n=478
62.5±7.6
150 (31.4)
105 (83.3)
4 (0.8)

521/875/199
32.7/54.9/12.5
6.1±1.7
8.1±4.3
5.9±0.9
41.5±9.9
1.5±0.9
3.7±1.1
5.2±1.3

101.5±12.2
90.4±12.8
276 (17.5)
135.9±18.4
76.7±9.6
119.7±11.5
73.6±6.9
13.8±7.8

863 (54.1)
254 (15.9)
478 (30.0)
7.8±6.4
27.2±4.6

Study population
(n=1595)
60.2±8.1
758 (47.2)
547 (78.3)
19 (2.5)

1
251
13
13
4
4
4

105
2
2
396
396
448
61

311
3
4

0
0
119
2
0

Missing

639/854/261
36.4/48.7/14.9
6.1±1.6
7.7±4.2
5.9±0.9
40.8±10.0
1.4±0.8
3.7±1.2
5.3±1.2

101.7±12.2
89.8±13.3
276 (16.0)
134.3±18.0
75.8±10.0
118.5±12.1
73.4±7.4
14.4±8.4

1061 (58.5)
257 (14.2)
497 (27.4)
9.2±7.6
27.1±4.5

Excluded due to missing
values (n=1815)
59.5±8.4
896 (49.4)
649 (77.6)
16 (1.8)

Baseline characteristics of the heat‐induced skin hyperemia study population and individuals excluded from the analyses due to missing values

Characteristic
Age (years)
Women
‐ Postmenopausal*
‐ Hormone replacement therapy†
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes mellitus
Diabetes duration (years)‡
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease§
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)||
Ambulatory 24‐h DBP (mmHg)||
Physical activity (hours/week)#
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)**
HbA1c (%)
HbA1c (mmol/mol)
Triglyceride (mmol/l)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)

Table S2.1

0.698
0.036
0.043
0.043
0.153
0.566
0.246

0.812
0.350
0.126
0.011
0.009
0.005
0.389
0.025
0.001

0.016
0.552

0.012
0.149
0.769
0.313
0.037

P‐value
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(continued)
Prediabetes
n=254
1.5±0.4
3.3±1.0
121 (47.4)
92 (36.2)
0 (0)
‐
‐
‐
‐
‐
‐
86.4±13.7
8 (3.1)
16 (6.3)
0 (0.0)
11.5±6.8
1108.7±747.9
995.5
[567.0‐1518.5]

NGM
n=863
1.7±0.5
3.4±1.0
212 (24.6)
165 (19.1)
0 (0)
‐
‐
‐
‐
‐
‐
90.0±13.1
13 (1.5)
30 (3.5)
1 (0.1)
11.1±6.8
1234.9±810.4
1097.4
[646.8‐1630.7]

936.7±683.2
821.3
[480.0‐1207.8]

Type 2 diabetes
n=478
1.3±0.4
2.4±0.9
334 (69.9)
357 (74.7)
376 (78.7)
97 (20.3)
337 (70.5)
93 (19.5)
8 (1.7)
4 (0.8)
28 (5.9)
86.0±17.3
39 (8.2)
89 (18.6)
18 (3.8)
10.9±5.6
1125.4±775.1
996.6
[583.5‐1507.2]

Study population
(n=1595)
1.5±0.5
3.1±1.1
667 (41.8)
614 (38.5)
376 (23.6)
97 (6.1)
337 (21.1)
93 (5.8)
8 (0.5)
4 (0.3)
28 (1.8)
88.2±14.7
60 (3.8)
135 (8.5)
19 (1.3)
11.1±6.4
1763
1763

4
4
4
4
4
4
4
4
4
4
4
33
33
42
587
1763

Missing

1118.9±673.4||||
997.0
[619.8‐1466.0]||||

Excluded due to missing
values (n=1815)
1.5±0.5
3.1±1.0
928 (58.2)
606 (33.5)
389 (21.5)
119 (6.6)
341 (18.8)
105 (5.8)
5 (0.3)
5 (0.3)
31 (1.7)
88.0±15.0
83 (4.6)
156 (8.7)
21 (1.5)
10.7±5.0||||

0.952
0.952

0.794
0.209
0.012
0.001
0.078
0.559
0.094
0.967
0.287
0.886
0.922
0.280
0.132
0.430
0.387
0.636

P‐value

Data are reported as mean ± SD or number (percentage %) as appropriate. Data present the skin study population for regression models 1‐3. P‐value indicates
comparison between study population and individuals excluded due to missing values. NGM, normal glucose metabolism; SBP, systolic blood pressure; DBP, diastolic
blood pressure; HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; GLP, glucagon‐like peptide; DPP‐4, dipeptidyl
peptidase‐4; eGFR, estimated glomerular filtration rate; PU, perfusion units. * Postmenopausal status was available in 699/758 women in the study population and
836/896 in the excluded group, † Hormone replacement therapy use was available in 894/896 women in the excluded group, ‡ Type 2 diabetes duration was available
in 342/478 in study population and 322/497 in the excluded group, § History of cardiovascular disease was available in 1576 in the study population and 1729 in the
excluded group, || 24‐h BP was available in 1402 in the study population and 1612 in the excluded group, # Physical activity was available in 1406 in the study
population and 1556 in the excluded group, ** 2‐h postload glucose was available in 1484 in the study population and 1675 in the excluded group, †† eGFR was available
in 1583 in the study population and 1794 in the excluded group, ‡‡ (Micro)albuminuria was available in 1585 in the study population and 1783 in the excluded group,
§§
Retinopathy was available in 1440 in the study population and 1383 in the excluded group, |||| 52 were excluded due to missing on covariate.

Characteristic
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Insulin
‐ Metformin
‐ Sulfonylureas
‐ Thiazolidinediones
‐ GLP‐1 analogs
‐ DPP‐4 inhibitors
eGFR (ml/min/1.73m2)††
eGFR<60 (ml/min/1.73m2)††
(Micro)albuminuria‡‡
Retinopathy§§
Baseline skin blood flow (PU)
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median [interquartile range]

Table S2.1
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Table S2.2

Baseline characteristics of the retinal arteriolar reactivity study population and individuals
excluded from the analyses due to missing values

Characteristic
Age (years)
Women
*
‐ Postmenopausal
†
‐ Hormone replacement therapy
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes mellitus
‡
Diabetes duration (years)
2
Body mass index (kg/m )
Waist circumference (cm)
‐ Men
‐ Women
§
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
||
Ambulatory 24‐h SBP (mmHg)
||
Ambulatory 24‐h DBP (mmHg)
#
Physical activity (hours/week)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
**
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Triglyceride (mmol/l)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Insulin
‐ Metformin
‐ Sulfonylureas
‐ Thiazolidinediones
‐ GLP‐1 analogs
‐ DPP‐4 inhibitors
2 ††
eGFR (ml/min/1.73m )
2 ††
eGFR<60 (ml/min/1.73m )
‡‡
(Micro)albuminuria
§§
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]

48

Retinal reactivity study
population (n=2213)
59.7±8.2
1083 (48.9)
811 (78.1)
18 (1.7)
1269 (57.3)
335 (15.1)
609 (27.5)
8.2±7.0
26.9±4.5
101.2±12.0
89.2±12.6
339 (15.5)
134.9±18.0
76.4±9.9
119.1±11.5
73.5±7.2
14.0±8.0

Missing
0
0
119
2
0

311
3
4

105
2
2
396
396
448
61

Excluded due to missing
values (n=1197)
60.0±8.3
571 (47.7)
385 (77.6)
17 (3.0)
655 (54.7)
176 (14.7)
366 (30.6)
9.0±7.1
27.5±4.7
102.2±12.3
91.7±13.7
213 (19.0)
135.2±18.5
75.9±9.7
118.9±12.4
73.5±7.2
14.4±8.4

780/1159/274
35.2/52.4/12.4
6.0±1.7
7.9±4.2
5.9±0.9
40.5±9.8
1.4 ±0.8
3.6±1.1
5.2±1.2
1.6±0.5
3.1±1.0
845 (38.2)
774 (35.0)
476 (21.5)
121 (5.5)
423 (19.1)
119 (5.4)
6 (0.3)
3 (0.1)
43 (1.9)
88.3±14.6
92 (4.2)
179 (8.1)
27 (1.3)
115.5±15.7

1
251
13
13
4
4
4
4
4
4
4
4
4
4
4
4
4
4
33
33
42
587
1149

380/570/186
33.5/50.2/16.4
6.1±1.7
7.9±4.3
6.0±0.9
42.1±10.3
1.4±0.9
3.8 ±1.2
5.2±1.1
1.5±0.4
3.1±1.0
510 (42.7)
446 (37.4)
289 (24.2)
95 (8.0)
255 (21.4)
79 (6.6)
7 (0.6)
6 (0.5)
16 (1.3)
87.7±15.3
51 (4.3)
112 (9.6)
13 (1.9)
||||
115.5±14.4

3.0±2.8
2.6 [0.8‐5.0]

1149
1149

2.0±2.4
||||
1.5 [0.1‐3.7]

||||

P‐value
0.202
0.257
0.848
0.075
0.167

0.189
0.001
0.096
<0.001
0.007
0.671
0.183
0.698
0.941
0.143
0.006

0.088
0.564
<0.001
<0.001
0.651
<0.001
0.182
<0.001
0.131
0.005
0.087
0.039
0.004
0.115
0.139
0.154
0.046
0.199
0.280
0.453
0.089
0.137
0.970
0.011
0.011
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Data are reported as mean ± SD or number (percentage %) as appropriate. P‐value indicates comparison
between study population and individuals excluded due to missing values. SBP, systolic blood pressure;
DBP, diastolic blood pressure; HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density
lipoprotein; GLP, glucagon‐like peptide; DPP‐4, dipeptidyl peptidase‐4; eGFR, estimated glomerular filtration
*
rate; MU, measurement units. Postmenopausal status was available in 1039/1083 women in study population
†
and 496/571 in the excluded group, Hormone replacement therapy use was available 569/571 women in the
‡
excluded group, Type 2 diabetes duration was available in 420/609 in study population and 244/366 in the
§
excluded group, History of cardiovascular disease was available in 2184 in the study population and 1121 in
||
the excluded group, 24‐h BP was available in 1962 in the study population and 1052 in the excluded group,
#
**
Physical activity was available in 1974 in the study population and 988 in the excluded group, 2‐h postload
††
glucose was available in 2075 in the study population and 1084 in the excluded group, eGFR was available in
‡‡
2199 in the study population and 1178 in the excluded group, (Micro)albuminuria was available in 2199 in
§§
the study population and 1169 in the excluded group, Retinopathy was available in 2148 in the study
||||
population and 675 in the excluded group,
48 were excluded due to missing on covariate.

Table S2.3

Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation and heat‐
induced skin %‐hyperemia among individuals with normal glucose metabolism (NGM),
prediabetes, and type 2 diabetes with replacement of office by 24‐h systolic ambulatory blood
pressure in regression models

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 3
Model 4

Prediabetes*
B (95%CI)
‐0.36 (‐0.72; ‐0.05)
‐0.22 (‐0.58; 0.14)
‐0.16 (‐0.53; 0.21)
‐0.18 (‐0.56; 0.20)
stB (95%CI)
‐0.05 (‐0.09; ‐0.00)
‐0.03 (‐0.07; 0.02)
‐0.02 (‐0.07; 0.03)
‐0.02 (‐0.07; 0.03)
B (95%CI)
‐134 (‐249; ‐19)
‐59 (‐175; 54)
‐57 (‐174; 60)
‐40 (‐166; 85)
stB (95%CI)
‐0.06 (‐0.12; ‐0.01)
‐0.03 (‐0.08; 0.03)
‐0.03 (‐0.08; 0.03)
‐0.02 (‐0.08; 0.04)

Type 2 diabetes*
B (95%CI)
‐1.05 (‐1.34; ‐0.77)
‐0.86 (‐1.18; ‐0.60)
‐0.65 (‐1.02; ‐0.29)
‐0.59 (‐0.97; ‐0.22)
stB (95%CI)
‐0.17 (‐0.21; ‐0.12)
‐0.14 (‐0.18; ‐0.09)
‐0.10 (‐0.16; ‐0.05)
‐0.10 (‐0.16; ‐0.03)
B (95%CI)
‐305 (‐397; ‐213)
‐191 (‐285; ‐96)
‐183 (‐294; ‐72)
‐163 (‐283; ‐44)
stB (95%CI)
‐0.18 (‐0.23; ‐0.13)
‐0.11 (‐0.17; ‐0.06)
‐0.11 (‐0.17; ‐0.04)
‐0.10 (‐0.17; ‐0.03)

P for trend
<0.001
<0.001
0.001
0.003
<0.001
<0.001
0.001
0.003
<0.001
<0.001
0.002
0.013
<0.001
<0.001
0.002
0.013

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. SD, standard deviation; CI, confidence interval.
Model 2: adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, 24‐h systolic blood pressure, and use of antihypertensive and/or
lipid‐modifying drugs. Model 4: additionally adjusted for history of cardiovascular disease, retinopathy, eGFR,
*
and urinary albumin excretion. 24‐h ambulatory blood pressure was available in n=1962 of the retinal
reactivity population (291 individuals with prediabetes and 544 with type 2 diabetes) and in n=1402 of the
heat‐induced skin hyperemia population (221 individuals with prediabetes and 420 with type 2 diabetes).
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Table S2.4

Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation and heat‐
induced skin %‐hyperemia among individuals with normal glucose metabolism (NGM),
prediabetes, and type 2 diabetes adjusted for physical activity

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 3
Model 4

Prediabetes*
B (95%CI)
‐0.39 (‐0.74; ‐0.05)
‐0.27 (‐0.62; 0.08)
‐0.19 (‐0.55; 0.17)
‐0.21 (‐0.58; 0.16)
stB (95%CI)
‐0.05 (‐0.10; ‐0.01)
‐0.04 (‐0.08; 0.01)
‐0.02 (‐0.07; 0.02)
‐0.03 (‐0.08; 0.02)
B (95%CI)
‐144 (‐257; ‐31)
‐70 (‐183; 42)
‐79 (‐195; 37)
‐71 (‐195; 53)
stB (95%CI)
‐0.07 (‐0.12; ‐0.02)
‐0.03 (‐0.09; 0.02)
‐0.04 (‐0.09; 0.02)
‐0.03 (‐0.09; 0.03)

Type 2 diabetes*
B (95%CI)
‐1.06 (‐1.35; ‐0.78)
‐0.91 (‐1.21; ‐0.62)
0.66 (‐1.03; ‐0.30)
‐0.62 (‐0.99; ‐0.24)
stB (95%CI)
‐0.17 (‐0.21; ‐0.12)
‐0.15 (‐0.19; ‐0.10)
‐0.11 (‐0.16; ‐0.05)
‐0.10 (‐0.16; ‐0.04)
B (95%CI)
‐285 (‐378; ‐192)
‐174 (‐269; ‐79)
‐182 (‐295; ‐68)
‐155 (‐276; ‐34)
stB (95%CI)
‐0.17 (‐0.22; ‐0.11)
‐0.10 (‐0.16; ‐0.05)
‐0.11 (‐0.17; ‐0.04)
‐0.09 (‐0.16; ‐0.02)

P for trend
<0.001
<0.001
0.001
0.002
<0.001
<0.001
0.001
0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. SD, standard deviation; CI, confidence interval.
Model 2: adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, use of antihypertensive and/or lipid‐
modifying drugs, and physical activity. Model 4: additionally adjusted for history of cardiovascular disease,
*
retinopathy, eGFR, and urinary albumin excretion. Physical activity data were available in n=1974 of the
retinal reactivity population (304 individuals with prediabetes and 525 with type 2 diabetes) and in n=1406 of
the heat‐induced skin hyperemia population (229 individuals with prediabetes and 396 with type 2 diabetes).
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Table S2.5

Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation and heat‐
induced skin %‐hyperemia among individuals with normal glucose metabolism (NGM),
prediabetes, and type 2 diabetes adjusted for antihypertensive treatment

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 2a
Model 2b
Model 2c
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 2a
Model 2b
Model 2c
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 2a
Model 2b
Model 2c
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 2a
Model 2b
Model 2c
Model 3
Model 4

Prediabetes
B (95%CI)
‐0.39 (‐0.73; ‐0.06)
‐0.27 (‐0.60; 0.07)
‐0.22 (‐0.56; 0.12)
‐0.26 (‐0.59; 0.08)
‐0.22 (‐0.56; 0.12)
‐0.19 (‐0.53; 0.16)
‐0.20 (‐0.56; 0.15)
stB (95%CI)
‐0.05 (‐0.09; ‐0.01)
‐0.03 (‐0.08; 0.01)
‐0.03 (‐0.07; 0.02)
‐0.03 (‐0.08; 0.01)
‐0.03 (‐0.07; 0.02)
‐0.02 (‐0.07; 0.02)
‐0.03 (‐0.07; 0.02)
B (95%CI)
‐126 (‐233; ‐19)
‐49 (‐156; 57)
‐49 (‐157; 59)
‐50 (‐157; 57)
‐49 (‐157; 59)
‐60 (‐170; 49)
‐48 (‐166; 69)
stB (95%CI)
‐0.06 (‐0.11; ‐0.01)
‐0.02 (‐0.07; 0.03)
‐0.02 (‐0.07; 0.03)
‐0.02 (‐0.07; 0.03)
‐0.02 (‐0.07; 0.03)
‐0.03 (‐0.08; 0.02)
‐0.02 (‐0.08; 0.03)

Type 2 diabetes
B (95%CI)
‐1.07 (‐1.34; ‐0.80)
‐0.90 (‐1.18; ‐0.62)
‐0.78 (‐1.08; ‐0.47)
‐0.89 (‐1.17; ‐0.61)
‐0.78 (‐1.09; ‐0.47)
‐0.66 (‐1.01; ‐0.32)
‐0.62 (‐0.98; ‐0.26)
stB (95%CI)
‐0.17 (‐0.21; ‐0.13)
‐0.14 (‐0.19; ‐0.10)
‐0.12 (‐0.17; ‐0.08)
‐0.14 (‐0.19; ‐0.10)
‐0.12 (‐0.17; ‐0.08)
‐0.11 (‐0.16; ‐0.05)
‐0.10 (‐0.16; ‐0.04)
B (95%CI)
‐298 (‐384; ‐213)
‐188 (‐276; ‐100)
‐187 (‐281; ‐93)
‐188 (‐276; ‐100)
‐186 (‐281; ‐92)
‐208 (‐313; ‐102)
‐181 (‐294; ‐68)
stB (95%CI)
‐0.18 (‐0.23; ‐0.13)
‐0.11 (‐0.16; ‐0.06)
‐0.11 (‐0.17; ‐0.06)
‐0.11 (‐0.16; ‐0.06)
‐0.11 (‐0.17; ‐0.05)
‐0.12 (‐0.19; ‐0.06)
‐0.11 (‐0.17; ‐0.04)

P for trend
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.002
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.002

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. RAAS, renin‐angiotensin‐aldosterone system; SD, standard deviation;
CI, confidence interval.
Model 2: adjusted for age and sex. Model 2a: as 2 + adjusted for antihypertensives (all types). Model 2b: as 2 +
adjusted for non‐RAAS‐inhibiting antihypertensives only. Model 2c: as 2 + adjusted separately for
*
RAAS‐inhibiting (without or with other types of antihypertensives) and non‐RAAS‐inhibiting antihypertensives
only. Model 3: as 2c + additionally adjusted for body mass index, triglyceride levels, total‐to‐HDL‐cholesterol
ratio, smoking status, office systolic blood pressure, and lipid‐modifying drugs. Model 4: additionally adjusted
*
for history of cardiovascular disease, retinopathy, eGFR, and urinary albumin excretion. RAAS‐inhibiting
antihypertensives included angiotensin‐converting‐enzyme inhibitors, angiotensin receptor blockers, and renin
blockers.
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Table S2.6

Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation and heat‐
induced skin %‐hyperemia among individuals with normal glucose metabolism (NGM),
prediabetes, and type 2 diabetes without microvascular complications*

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 3
‡
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 3
‡
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 3
‡
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 3
‡
Model 4

Prediabetes
B (95%CI)
‐0.39 (‐0.73; ‐0.06)
‐0.28 (‐0.62; 0.06)
‐0.22 (‐0.57; 0.13)
‐0.20 (‐0.55; 0.16)
stB (95%CI)
‐0.05 (‐0.10; ‐0.01)
‐0.04 (‐0.08; 0.01)
‐0.03 (‐0.08; 0.02)
‐0.03 (‐0.07; 0.02)
B (95%CI)
‐126 (‐235; ‐17)
‐44 (‐153; 64)
‐63 (‐175; 49)
‐54 (‐167; 59)
stB (95%CI)
‐0.06 (‐0.11; ‐0.01)
‐0.02 (‐0.07; 0.03)
‐0.03 (‐0.09; 0.02)
‐0.03 (‐0.08; 0.03)

†

Type 2 diabetes
B (95%CI)
‐0.83 (‐1.13; ‐0.52)
‐0.71 (‐1.02; ‐0.39)
‐0.51 (‐0.88; ‐0.14)
‐0.50 (‐0.88; ‐0.12)
stB (95%CI)
‐0.12 (‐0.17; ‐0.08)
‐0.10 (‐0.15; ‐0.06)
‐0.07 (‐0.13; ‐0.02)
‐0.07 (‐0.13; ‐0.02)
B (95%CI)
‐301 (‐400; ‐202)
‐198 (‐298; ‐98)
‐234 (‐350; ‐117)
‐222 (‐340; ‐103)
stB (95%CI)
‐0.16 (‐0.21; ‐0.11)
‐0.11 (‐0.16; ‐0.05)
‐0.12 (‐0.19; ‐0.06)
‐0.12 (‐0.18; ‐0.06)

P for trend
<0.001
<0.001
0.007
0.011
<0.001
<0.001
0.007
0.011
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. SD, standard deviation; CI, confidence interval.
*
2
Diabetic microvascular complications were defined as having retinopathy, eGFR <60 ml/min/1.73m , or
†
urinary albumin excretion >30 mg/24 hour. The number of individuals with type 2 diabetes in the retinal
‡
reactivity and the heat‐induced skin hyperemia populations were 429 and 325, respectively. Note that eGFR
and urinary albumin excretion are added in the model as continuous variables. Model 2: adjusted for age and
sex. Model 3: additionally adjusted for body mass index, triglyceride levels, total‐to‐HDL‐cholesterol ratio,
smoking status, 24‐h systolic blood pressure, and use of antihypertensive and/or lipid‐modifying drugs.
Model 4: additionally adjusted for history of cardiovascular disease, eGFR, and urinary albumin excretion.
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Table S2.7

Multivariable‐adjusted differences in retinal arteriolar baseline diameter, flicker light‐induced
retinal arteriolar %‐dilation, skin baseline blood flow, and heat‐induced skin %‐hyperemia among
individuals with normal glucose metabolism (NGM), prediabetes, and type 2 diabetes (T2D), after
exclusion of T2D individuals using GLP‐1 analogs, thiazolidinediones, or DPP‐4 inhibitors

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2
Model 3
Model 4

Prediabetes*
B (95%CI)
‐0.39 (‐0.73; ‐0.06)
‐0.26 (‐0.60; 0.07)
‐0.19 (‐0.53; 0.16)
‐0.20 (‐0.55; 0.16)
stB (95%CI)
‐0.05 (‐0.10; ‐0.01)
‐0.04 (‐0.08; 0.01)
‐0.03 (‐0.07; 0.02)
‐0.03 (‐0.07; 0.02)
B (95%CI)
‐126 (‐234; ‐19)
‐49 (‐156; 58)
‐61 (‐171; 49)
‐47 (‐165; 71)
stB (95%CI)
‐0.06 (‐0.11; ‐0.01)
‐0.02 (‐0.07; 0.03)
‐0.03 (‐0.08; 0.02)
‐0.02 (‐0.08; 0.03)

Type 2 diabetes*
B (95%CI)
‐1.08 (‐1.36; ‐0.81)
‐0.91 (‐1.20; ‐0.62)
‐0.66 (‐1.02; ‐0.31)
‐0.62 (‐1.00; ‐0.25)
stB (95%CI)
‐0.18 (‐0.22; ‐0.13)
‐0.15 (‐0.20; ‐0.10)
‐0.11 (‐0.17; ‐0.05)
‐0.10 (‐0.16; ‐0.04)
B (95%CI)
‐305 (‐393; ‐216)
‐196 (‐286; ‐105)
‐213 (‐321; ‐105)
‐177 (‐293; ‐62)
stB (95%CI)
‐0.18 (‐0.23; ‐0.13)
‐0.12 (‐0.17; ‐0.06)
‐0.13 (‐0.19; ‐0.06)
‐0.11 (‐0.17; ‐0.04)

P for trend
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
0.003
<0.001
<0.001
<0.001
0.003

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. GLP, glucagon‐like peptide; DPP‐4, dipeptidyl peptidase‐4; SD, standard
deviation; CI, confidence interval.
Model 2: adjusted for age and sex. Model 3: additionally adjusted for body mass index, triglyceride levels,
total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, and use of antihypertensive and/or
lipid‐modifying drugs. Model 4: additionally adjusted for history of cardiovascular disease, retinopathy, eGFR,
*
and urinary albumin excretion. The retinal reactivity population consisted of 335 individuals with prediabetes
and 557 with type 2 diabetes, the heat‐induced skin hyperemia population consisted of 254 individuals with
prediabetes and 438 with type 2 diabetes.
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Table S2.8

Multivariable‐adjusted differences in flicker light‐induced retinal arteriolar %‐dilation and heat‐
induced skin %‐hyperemia among individuals with normal glucose metabolism (NGM),
prediabetes, and type 2 diabetes adjusted for postmenopausal status and/or the use of hormone
replacement therapy

Characteristic
Retinal arteriolar average dilation (%)
Crude
Model 2a
Model 2b
Model 2c
Model 2d
Model 3
Model 4
Retinal arteriolar average dilation (SD)
Crude
Model 2a
Model 2b
Model 2c
Model 2d
Model 3
Model 4
Heat‐induced skin hyperemia (%)
Crude
Model 2a
Model 2b
Model 2c
Model 2d
Model 3
Model 4
Heat‐induced skin hyperemia (SD)
Crude
Model 2a
Model 2b
Model 2c
Model 2d
Model 3
Model 4

Prediabetes*
B (95%CI)
‐0.42 (‐0.75; ‐0.08)
‐0.29 (‐0.63; 0.05)
‐0.29 (‐0.63; 0.05)
‐0.29 (‐0.63; 0.05)
‐0.29 (‐0.63; 0.04)
‐0.21 (‐0.56; 0.14)
‐0.23 (‐0.58; 0.13)
stB (95%CI)
‐0.05 (‐0.10; ‐0.01)
‐0.04 (‐0.08; 0.01)
‐0.04 (‐0.08; 0.01)
‐0.04 (‐0.08; 0.01)
‐0.04 (‐0.08; 0.01)
‐0.03 (‐0.07; 0.02)
‐0.03 (‐0.08; 0.02)
B (95%CI)
‐139 (‐247; ‐31)
‐59 (‐167; 49)
‐59 (‐167; 49)
‐58 (‐165; 50)
‐58 (‐166; 50)
‐61 (‐171; 50)
‐57 (‐175; 61)
stB (95%CI)
‐0.07 (‐0.12; ‐0.02)
‐0.03 (‐0.08; 0.02)
‐0.03 (‐0.08; 0.02)
‐0.03 (‐0.08; 0.02)
‐0.03 (‐0.08; 0.02)
‐0.03 (‐0.08; 0.03)
‐0.03 (‐0.08; 0.03)

Type 2 diabetes*
B (95%CI)
‐1.09 (‐1.36; ‐0.82)
‐0.93 (‐1.21; ‐0.64)
‐0.93 (‐1.22; ‐0.65)
‐0.93 (‐1.21; ‐0.65)
‐0.93 (‐1.22; ‐0.65)
‐0.68 (‐1.03; ‐0.33)
‐0.63 (‐0.99; ‐0.27)
stB (95%CI)
‐0.17 (‐0.22; ‐0.13)
‐0.15 (‐0.19; ‐0.10)
‐0.15 (‐0.19; ‐0.10)
‐0.15 (‐0.19; ‐0.10)
‐0.15 (‐0.19; ‐0.10)
‐0.11 (‐0.16; ‐0.05)
‐0.10 (‐0.16; ‐0.04)
B (95%CI)
‐301 (‐388; ‐215)
‐187 (‐276; ‐97)
‐187 (‐277; ‐98)
‐186 (‐276; ‐97)
‐187 (‐276; ‐98)
‐191 (‐298; ‐85)
‐172 (‐286; ‐58)
stB (95%CI)
‐0.18 (‐0.23; ‐0.13)
‐0.11 (‐0.16; ‐0.06)
‐0.11 (‐0.16; ‐0.06)
‐0.11 (‐0.16; ‐0.06)
‐0.11 (‐0.16; ‐0.06)
‐0.10 (‐0.17; ‐0.03)
‐0.10 (‐0.17; ‐0.03)

P for trend
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.004
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.004

Regression coefficients (B) indicate the mean difference (95%CI) in retinal and skin measures (in %) with NGM
as reference. Standardized regression coefficients (stB) and 95%CI represent the change in retinal and skin
measures (in SD) as compared to NGM. SD, standard deviation; CI, confidence interval.
Model 2a: adjusted for age. Model 2b: as 2a + adjusted for postmenopausal status. Model 2c: as 2a + adjusted
for the use of hormone replacement therapy. Model 2d: as 2a + adjusted for postmenopausal status and the
use of hormone replacement therapy. Model 3: as 2d + additionally adjusted for body mass index, triglyceride
levels, total‐to‐HDL‐cholesterol ratio, smoking status, systolic blood pressure, use of antihypertensive and/or
lipid‐modifying drugs. Model 4: additionally adjusted for history of cardiovascular disease, retinopathy, eGFR,
*
and urinary albumin excretion. Menopausal status data were available in n=1039/1083 women in the retinal
reactivity population and in n=699/758 women in the heat‐induced skin hyperemia population.
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Addendum 2.1
Response to letters regarding article “Prediabetes and type 2
diabetes are associated with generalized microvascular
dysfunction: The Maastricht Study”
Ben M. Sörensen, Alfons J.H.M. Houben, Remy J.H. Martens, Coen D.A. Stehouwer
Circulation. 2017;135:e862‐3

We appreciate Dr Tsuda1 and Dr Brzezinski2 for their interest in our study3, in which we
found retinal arteriolar and skin microvascular dysfunction in prediabetes and type 2
diabetes (T2D) independent of major cardiovascular risk factors. These findings support
the concept that generalized microvascular dysfunction precedes the clinical diagnosis of
T2D and may contribute to the development of microvascular complications in
(pre)diabetes.
Resting albuminuria has long been favored as clinical biomarker for renal disease and
is strongly associated with cardiovascular disease risk4. An explanation is that
albuminuria may reflect generalized (microvascular and macrovascular) endothelial
dysfunction5. Data on the association between direct measures of microvascular
dysfunction and albuminuria are however scarce. Recently, we have shown an
association between capillary rarefaction and 24‐h average albuminuria, irrespective of
T2D5. In addition, the results of a yet unpublished study of our group hint towards an
association of retinal arteriolar and skin microvascular endothelial dysfunction with 24‐h
average albuminuria. Both studies support the hypothesis that 24‐h average albuminuria
is a biomarker of microvascular dysfunction.
The association of exercise‐induced albuminuria with features of the metabolic
syndrome highlights exercise‐induced albuminuria as a possible tool in the early
assessment of cardiovascular risk among dysmetabolic individuals6. Because of logistical
reasons, we did not include urinary albumin excretion measurements after exercise in
our study. Whether exercise‐induced albuminuria is associated with microvascular
dysfunction in (pre)diabetes can therefore not be answered from our data. However, as
resting albuminuria may reflect generalized endothelial dysfunction5, and prediabetes
has been associated with generalized endothelial dysfunction (i.e. in the retinal and skin
microvasculature3) it may be speculated that exercise‐induced albuminuria is linked to
retinal and skin microvascular endothelial dysfunction in prediabetes, although this
inference should be formally tested.
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Taken together, we believe that resting urinary albumin excretion, due to its
common use, easy applicability, and its strong association with increased cardiovascular
risk, is currently favored over exercise‐induced urinary albumin excretion. However,
research on earlier markers of renal damage, such as exercise‐induced albuminuria, can
be useful to improve prevention of renal and cardiovascular disease.
Dr Tsuda suggests that erythrocyte biomechanical properties, which depend on
deformability, may be related to retinal and/or skin microvascular dysfunction1.
Decreased erythrocyte deformability may affect erythrocyte rheology, which could
thereby lead to circulatory disorders. Unfortunately, data on erythrocyte deformability
are not available, and we therefore cannot directly answer the question based on our
own data. Although erythrocyte deformability may conceivably cause microvascular
dysfunction, it is important to stress that any such association may also be explained by
impaired nitric oxide bioavailability in both endothelial cells and erythrocytes7 caused by
a common underlying cause, such as inflammatory activity and high levels of free fatty
acids8. Alternatively, hyperglycemia itself may impair both erythrocyte deformability9
and microvascular function.
Decreased deformability of erythrocytes hampers normal passage through capillaries
which may lead to mechanical damage of the endothelium, increased platelet activation,
and thrombus formation, all of which increase shear stress. Retinal arteriolar %‐dilation,
in our study, was measured in relatively large (>70 µm) vessels as compared to the
diameter of an erythrocyte (6‐8 µm). Skin microcirculation comprised smaller arterioles
and venules than retinal arterioles, with diameters as small as 10 µm, but probably
larger in the heat‐induced dilated state. Therefore, whether passage of erythrocytes
through retinal and skin microcirculation as measured in our study is truly abnormal
remains to be shown.
We agree that future studies should investigate the association between erythrocyte
rheological abnormalities and microvascular endothelial dysfunction, which may open
new insights to the development of circulatory disorders in (pre)diabetes.
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Abstract
Objective
In individuals with prediabetes and type 2 diabetes (T2D), microvascular dysfunction may explain
their increased risk of microvascular complications. Mechanisms underlying microvascular
dysfunction in (pre)diabetes remain poorly understood. We investigated to what extent
differences in retinal and skin microvascular function between individuals without and with
(pre)diabetes are potentially attributable to hyperglycemia, insulin resistance, blood pressure, lipid
profile, and/or low‐grade inflammation.
Methods
In The Maastricht Study, a T2D‐enriched population‐based cohort study (n=1791, 51% men, aged
60±8 years), we determined flicker light‐induced retinal arteriolar %‐dilation (Dynamic Vessel
Analyzer), heat‐induced skin %‐hyperemia (laser‐Doppler flowmetry), and diabetes status (OGTT;
normal glucose metabolism (NGM) (n=1040), prediabetes (n=276), or T2D (n=475)). Composite
indices were formed of hyperglycemia, insulin resistance, blood pressure, lipid profile, and low‐
grade inflammation. Mediating effects of composite indices on prediabetes‐ and T2D‐associated
microvascular dysfunction were estimated by linear regression.
Results
Age‐ and sex‐adjusted analyses showed lower retinal arteriolar %‐dilation in prediabetes
(B=‐0.16, 95%CI (‐0.53; 0.21)), with further deterioration in T2D (B=‐0.83, (‐1.15; ‐0.51)) versus
NGM, P for trend<0.001. Skin %‐hyperemia was lower in prediabetes (B=‐80, (‐198; 38)), with
further deterioration in T2D (B=‐210, (‐309; ‐112)) versus NGM, P for trend<0.001. T2D‐associated
differences in microvascular function were explained mainly by hyperglycemia (mediating effect
(bootstrapped 95%CI) 55.3% (20.4%; 91.3%) and 64.8% (6.2%; 122.4%), respectively). Other
composite indices did not significantly contribute. Patterns of mediation were similar for
prediabetes‐associated microvascular dysfunction.
Conclusions
Our findings suggest early and intensive glycemic control in (pre)diabetes as a promising
therapeutic target for the prevention of (pre)diabetes‐associated microvascular complications.

60

Mechanism of (pre)diabetes‐associated microvascular dysfunction

Introduction
The epidemic of type 2 diabetes (T2D)1 also implies an epidemic of its macrovascular1,2
and microvascular complications3. The latter not only comprises retinopathy and
nephropathy2, but also complications that are partly of microvascular origin, notably
neuropathy, heart failure4, stroke, depression5, and cognitive dysfunction6. The
increasing life expectancy of individuals with T2D1 highlights the need to develop
preventive interventions for the disease itself and its complications.
Recently, we have shown that T2D, as well as prediabetes, is associated with
generalized microvascular (endothelial) dysfunction7. These findings support the ticking
clock hypothesis8, and may explain the increased risk of microvascular complications in
individuals with prediabetes and early diabetes. However, the mechanisms underlying
microvascular dysfunction in (pre)diabetes remain elusive. Multiple studies suggest that
both metabolic and/or vascular risk factors are likely to be involved9‐13.
Key metabolic features of T2D are progressive insulin resistance and β‐cell
dysfunction, leading to hyperglycemia and abnormal insulin signaling. Both may impair
microvascular function, for instance via the formation of advanced glycation end
products, reactive oxygen species, and impaired nitric oxide signaling12,14‐16. In addition,
T2D is strongly associated with an adverse cardiovascular risk profile, with low‐grade
inflammation17, dyslipidemia18, hypertension19, and arterial stiffness20. Importantly,
there is increasing evidence that each of these comorbid vascular risk factors is also
linked to microvascular dysfunction and may therefore explain concordant microvascular
complications, for instance, through adverse effects on the insulin signaling pathway,
impairment of nitric oxide bioavailability, abnormal regulation of vasomotor tone and
vascular rarefaction, and/or increased pulsatile flow9,11,21‐23.
However, it remains unclear to what extent such metabolic and vascular risk factors
also mediate, and thus explain, diabetes‐associated microvascular dysfunction.
Therefore, the present study aimed to investigate to what extent differences in retinal
and skin microvascular function between individuals with T2D or prediabetes on the on
hand, and those with normal glucose metabolism (NGM) on the other, are attributable
to hyperglycemia, insulin resistance, blood pressure, arterial stiffness, lipid profile, and
low‐grade inflammation, independently of potential confounders. We chose the retina
and skin as these are unique sites enabling direct and reproducible24,25 assessment of
microvascular function, as measured by flicker light‐induced retinal arteriolar dilation
and heat‐induced skin hyperemia7.
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Methods
Study population and design
We used data from The Maastricht Study, an observational prospective population‐
based cohort study. The rationale and methodology are outlined in the Supplemental
Methods and have been described previously26. The present report includes cross‐
sectional data from the first 3451 participants, who completed the baseline survey
between November 2010 and September 2013. 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.

Assessment of glucose metabolism status
To assess glucose metabolism status, all participants (except those who used insulin)
underwent a standardized 2‐h 75 gram oral glucose tolerance test (OGTT) as described
elsewhere26 and in the Supplemental Methods.

Assessment of microvascular function
Retinal arteriolar vasodilation to flicker light exposure was measured by the Dynamic
Vessel Analyzer (Imedos, Jena, Germany), and heat‐induced skin hyperemia by laser‐
Doppler flowmetry (Perimed, Järfälla, Sweden), both extensively described previously7
and in the Supplemental Methods.

Measurement of potential mediators
For statistical efficiency, a composite index of hyperglycemia was constructed, which
consisted of fasting (FPG) and 2‐h postload OGTT glucose levels, representing short‐term
hyperglycemia, and glycated hemoglobin A1c (HbA1c) and skin auto‐fluorescence (SAF),
representing long‐term hyperglycemia. The individual measures were standardised into
z‐scores and averaged. The z‐score for each individual measure was calculated according
to the formula: (individual value / population mean) / population standard deviation.
Individuals who used insulin had no data on 2‐h postload glucose as they were excluded
from the OGTT; hence, their composite index of hyperglycemia consisted of FPG, HbA1c,
and SAF. For sensitivity purposes, a composite index that focused on long‐term
hyperglycemic measures was formed, as FPG and postload glucose levels were directly
used for the classification of glucose metabolism status.
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The composite index of insulin resistance consisted of 2 homeostasis model
assessment of insulin resistance; HOMA2‐IRinsulin (based on fasting insulin and FPG) and
HOMA2‐IRC‐peptide (based on fasting C‐peptide and FPG).
The composite index of blood pressure consisted of 24‐h ambulatory systolic and
diastolic blood pressure combined with the use of antihypertensive medication in order
to account for potential previous exposure to elevated blood pressure. For sensitivity
analyses, an index that combined 24‐h mean arterial pressure and 24‐h pulse pressure
with the use of antihypertensive medication was constructed, as elevated pulse pressure
may adversely affect the microcirculation9.
The composite index of arterial stiffness consisted of the carotid‐femoral pulse wave
velocity (as marker for aortic stiffness) and the inverse of the carotid distensibility
coefficient (as marker for local carotid stiffness).
The composite index of lipid profile consisted of total cholesterol, inverse
HDL‐cholesterol, triglyceride levels, and the use of lipid‐modifying medication in order to
account for potential previous exposure to an adverse lipid profile.
The low‐grade inflammation composite index consisted of high‐sensitive C‐reactive
protein (hs‐CRP), serum amyloid A (SAA), soluble intercellular adhesion molecule‐1,
interleukin‐6, interleukin‐8, and tumor necrosis factor‐α (TNF‐α). This index was formed
to reduce the influences of the biological variability of each inflammation marker,
according to predefined clusters of conceptually related circulating biomarkers27. Details
on the measurement of potential mediators can be found in the Supplemental Methods.

Measurement of covariates
Details on the assessments of the covariates, age, sex, body mass index, smoking status,
estimated glomerular filtration rate (eGFR), urinary albumin excretion, the presence of
retinopathy, and history of cardiovascular disease, can be found in the Supplemental
Methods.

Statistical analysis
All analyses were performed with Statistical Package for Social Sciences version 23.0
(IBM SPSS, Armonk, USA) at a significance level of 5%. Variables with a skewed
distribution (diabetes duration, hs‐CRP, SAA, interleukin‐6, interleukin‐8, and TNF‐α)
were log10 transformed.
Multiple linear regression analysis, with dummy variables for prediabetes and T2D,
was used to determine the age‐ and sex‐adjusted difference in flicker light‐induced
retinal arteriolar %‐dilation or heat‐induced skin %‐hyperemia between individuals with
prediabetes or T2D, versus NGM. These adjusted differences constitute the total ‘effect’
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of prediabetes or T2D on retinal arteriolar %‐dilation or heat‐induced skin %‐hyperemia
(Supplemental Figure S3.1). For linear trend analyses, a categorical variable (NGM=0,
prediabetes=1, and T2D=2) was used in the regression models.
The mediating effects of the individual markers of hyperglycemia, insulin resistance,
blood pressure, lipid profile, and low‐grade inflammation on diabetes‐associated retinal
or skin microvascular function were evaluated by bootstrapping, by adding these
variables separately to the age‐ and sex‐adjusted regression model. The bootstrapped‐
adjusted mediating effects and corresponding 95% confidence intervals (95%CI) were
evaluated with use of a SPSS macro provided by Preacher and Hayes (10,000 bootstrap
iterations)28, and expressed as the (percentage) change of the regression coefficients
(indirect effect) (Supplemental Figure S3.1). The indirect effect is the product of the
association between T2D and the potential mediator (a‐path) and the association
between the potential mediator and microvascular function (b‐path). Indirect effects in
which the 95%CI does not include zero reflect a significant mediation effect. Estimation
of the indirect effect with bootstrapping does not depend on the significance of the
separate a‐ and b‐paths, and therefore maintains reasonable control over the type 1
error rate28 (Supplemental Figure S3.1). Selection of potential mediators on theoretical
grounds rather than on a statistical basis has therefore been recommended and was
applied here28.
To justify the merging of individual markers within a composite index, the individual
mediating effect of the markers of that index should have the same direction or be zero
(defined as a mediation effect of less than 1% of the average retinal arteriolar %‐dilation
or skin %‐hyperemia in the respective study populations). The extent to which the
composite indices mediate the difference in retinal or skin microvascular function
between individuals with T2D or prediabetes, versus individuals with NGM, was
determined by adding these composites indices combined to the age‐ and sex‐adjusted
regression model.
We investigated potential interaction between sex and glucose metabolism status by
adding interaction terms (prediabetes * sex and T2D * sex) to the regression models.
A Pinteraction<0.10 was considered statistically significant. Collinearity diagnostics
(i.e. tolerance <0.1 and/or variance inflation factor >10) were used to detect
multicollinearity between the independent variables and mediators.
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Results
Study population
From the initial 3451 participants included, participants with other types of diabetes
than T2D were excluded (n=41). Of the remaining 3410 participants, retinal arteriolar
reactivity data were available in 2261 participants. The main reasons for missing data
were logistical (n=882), contraindications (n=59), or insufficient measurement quality
(n=208). Data on potential mediators, in particular 24‐h ambulatory blood pressure
(n=256), were missing in 470 participants, mainly due to device availability. The retinal
arteriolar reactivity study population thus consisted of 1791 participants. Heat‐induced
skin hyperemia data were available in 1647 of the 3410 participants. The reason for
missing data were logistical (n=1650), technical (n=24), or insufficient measurement
quality (n=89). Potential mediators were missing in 366 participants. The heat‐induced
skin hyperemia study population thus consisted of 1281 participants (Figure 3.1 shows
the flow chart).
General characteristics of the retinal study population are shown in Table 3.1,
stratified for glucose metabolism status (mean ± standard deviation age 59.8±8.2 years,
48.7% women). Individuals with T2D were, by design, oversampled (26.5%). The
cardiometabolic risk profile deteriorated with glucose metabolism status (Table 3.1). The
skin study population overlapped for 73% with the retinal study population, and was
comparable with regard to age, sex, and cardiometabolic risk profile (Table 3.1 and
Supplemental Table S3.1). Note that individuals with diabetes were generally well
controlled for their diabetes and cardiovascular risk factors, as, for example, absolute
differences in 24‐h blood pressure between individuals with diabetes and those with
NGM were relatively small (122/73 versus 117/74 mmHg) as were the absolute
differences in total‐to‐HDL cholesterol ratio (3.7 versus 3.5 mmol/l). Individuals with
missing data on retinal or skin reactivity measurements or potential mediators were
generally comparable to individuals included in the study populations with regard to age,
sex, and cardiometabolic risk profile (Supplemental Tables S3.2 and S3.3).
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Figure 3.1

Retinal study population
with complete data on
proposed mediators
(n=1791)

Population with retinal
measurements (n=2261)

Skin study population
with complete data on
proposed mediators
(n=1281)

Population with skin
measurements (n=1647)
Missing on potential mediator§
Glycemia (n=107)
Insulin resistance (n=91)
Blood pressure variables (n=195)
Lipid profile‐related variables (n=2)
Low‐grade inflammation (n=16)

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

Retinal and skin study population selection.
* Logistical reasons: no Dynamic Vessel Analyzer equipment available (n=535), no trained researcher available (n=227), no eye drops given for
traffic safety reasons (n=120); † Contraindicated: history of epilepsy (n=14), allergy to eye drops (n=31), glaucoma or lens implants (n=14);
‡ Logistical reasons: no laser‐Doppler equipment available (n=353), no trained researcher available (n=264), technical failure (n=1033).
§ Missings on categories of potential mediator were not mutually exclusive.

Missing on potential mediator§
Glycemia (n=121)
Insulin resistance (n=127)
Blood pressure variables (n=256)
Lipid profile‐related variables (n=3)
Low‐grade inflammation (n=18)

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

No type 2 diabetes
Type 1 diabetes (n=37)
Other type of diabetes (n=4)

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

Population of The Maastricht Study (N=3451)
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Table 3.1

General characteristics and retinal and skin measures of the retinal study population according
to glucose metabolism status

Characteristic
Age (years)
Women
*
Diabetes duration (years)
2
Body mass index (kg/m )
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
†
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Skin auto‐fluorescence (AU)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
HOMA2‐IRInsulin (AU)
HOMA2‐IRC‐peptide (AU)
Markers of low‐grade inflammation
‐ High‐sensitive CRP (mg/l)
‐ Serum amyloid A (mg/l)
‐ Soluble ICAM‐1 (ng/ml)
‐ Interleukin‐6 (pg/ml)
‐ Interleukin‐8 (pg/ml)
‐ Tumor necrosis factor‐α (pg/ml)
Markers of arterial stiffness
‐ Carotid‐femoral PWV (m/s)
3
‐ Carotid DC (10 /kPa)
2
eGFR (ml/min/1.73m )
2
eGFR<60 ml/min/1.73m

NGM
n=1040
58.0±8.2
596 (57.3)
‐
25.5±3.4

Prediabetes
n=276
61.5±7.2
130 (47.1)
‐
27.5±4.0

Type 2 diabetes
n=475
62.9±7.6
147 (30.9)
6.0 [3.0‐12.0]
29.5±4.5

96.3±9.1
85.6±9.7
116 (11.4)
131.3±17.3
75.5±10.0
117.3±11.1
73.6±7.2
43.7±7.1
88.2±8.1

101.6±9.4
92.7±12.1
30 (11.2)
137.1±16.7
78.2±9.7
120.1±11.9
74.5±7.3
45.6±8.7
89.7±8.1

106.7±11.6
100.9±13.6
118 (25.8)
141.6±17.5
77.4±9.8
122.4±11.7
73.0±7.0
49.5±9.6
89.5±7.7

409/502/116
39.8/48.9/11.3
5.2±0.4
5.4±1.1
5.4±0.4
35.8±3.7
2.3±0.5
3.5±1.1
5.6±1.0
1.7±0.5
3.3±0.9
1.2±0.6
226 (21.7)
178 (17.1)

75/161/33
27.9/59.9/12.3
5.9±0.6
8.2±1.7
5.7±0.4
38.4±4.5
2.4±0.5
3.9±1.3
5.5±1.2
1.5±0.4
3.3±1.1
1.6±1.0
113 (40.9)
93 (33.7)

136/264/62
29.4/57.1/13.4
7.7±1.7
14.2±3.9
6.8±0.9
50.6±9.9
2.6±0.6
3.7±1.1
4.4±1.1
1.3±0.4
2.4±0.9
1.8±0.9
333 (70.1)
350 (73.7)

‐
‐
‐
1.3±0.7
1.3±0.5

‐
‐
‐
1.9±1.1
1.7±0.7

359 (75.6)
86 (18.1)
338 (71.2)
2.4±1.4
2.1±0.9

1.1 [0.6‐2.2]
3.0 [1.9‐5.0]
338.6±80.2
0.5 [0.4‐0.8]
3.7 [3.0‐4.6]
2.1 [1.8‐2.4]

1.8 [0.8‐3.5]
3.6 [2.3‐5.7]
365.8±103.2
0.6 [0.4‐0.9]
4.3 [3.3‐5.3]
2.2 [1.9‐2.6]

1.5 [0.7‐3.3]
3.5 [2.2‐6.0]
383.8±115.9
0.8 [0.6‐1.1]
4.8 [4.0‐6.1]
2.5 [2.1‐2.9]

8.4±1.7
15.1±5.2
89.9±13.0
18 (1.7)

9.2±2.1
13.7±4.8
87.2±14.0
10 (3.6)

9.9±2.3
13.3±4.9
85.3±17.2
45 (9.5)
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Table 3.1

(continued)

Characteristic
‡
(Micro)albuminuria
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]
§
Baseline skin blood flow (PU)
§
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median [interquartile range]

NGM
n=1040
47 (4.6)
1 (0.1)
115.3±15.3

Prediabetes
n=276
15 (5.4)
1 (0.4)
114.8±15.9

Type 2 diabetes
n=475
77 (16.2)
18 (3.9)
116.0±15.9

3.4±2.8
3.0 [1.1‐5.3]
10.8±6.4

3.1±2.8
2.8 [0.8‐5.0]
11.7±7.2

2.4±2.7
1.6 [0.4‐3.9]
11.0±5.7

1252.6±813.4
1107.4±710.8
941.7±701.1
1104.0 [668.7‐1656.9] 1006.9 [604.9‐1536.9] 821.2 [479.0‐1209.8]

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate.
NGM, normal glucose metabolism; SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood
pressure; PP, pulse pressure; MAP, mean arterial pressure; HbA1c, glycated hemoglobin A1c; AU, arbitrary
units; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; HOMA2‐IR, homeostasis model assessment
of insulin resistance; CRP, C‐reactive protein; ICAM, intercellular adhesion molecule; PWV, pulse wave velocity;
DC, distensibility coefficient; eGFR, estimated glomerular filtration rate; MU, measurement units; PU, perfusion
*
†
units. Available in 313 individuals with type 2 diabetes. Available in 389 individuals with type 2 diabetes.
‡
§
(Micro)albuminuria was defined as a urinary albumin excretion of >30 mg per 24 hours. Heat‐induced skin
hyperemia measures were available in a different subset of n=1281 (Supplemental Table S3.1).

Glucose metabolism status and retinal and skin microvascular function
Age‐ and sex‐adjusted analyses showed a lower retinal arteriolar %‐dilation in
prediabetes (B=‐0.16, 95%CI (‐0.53; 0.21)), with further deterioration in T2D (B=‐0.83,
(‐1.15; ‐0.51)) versus NGM, P for trend<0.001. Skin %‐hyperemia was also lower in
prediabetes (B=‐80, (‐198; 38)), with further deterioration in T2D (B=‐210, (‐309; ‐112))
versus NGM, P for trend<0.001. These regression coefficients slightly differ from earlier
work7, as a smaller subset of individuals from The Maastricht Study was available
(Figure 3.1). Despite the overall trend towards lower retinal arteriolar %‐dilation and skin
%‐hyperemia with deteriorating glucose metabolism status, statistically significant
impaired retinal and skin microvascular function was observed only in individuals with
T2D. In addition, the association of prediabetes and T2D with retinal arteriolar %‐dilation
and skin %‐hyperemia did not statistically differ between men and women
(all Pinteraction>0.15).

Mediating effects of markers of hyperglycemia, insulin resistance, blood
pressure, lipid profile, and low‐grade inflammation on type 2 diabetes‐
associated retinal and skin microvascular dysfunction
Figure 3.2 and Supplemental Table S3.4 show the age‐ and sex‐adjusted mediating
effects of individual markers of hyperglycemia, insulin resistance, blood pressure, lipid
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profile, and low‐grade inflammation on the differences in retinal arteriolar %‐dilation
and skin %‐hyperemia between individuals with T2D and those with NGM. Diabetes‐
associated impaired retinal arteriolar %‐dilation was mostly explained by markers of
hyperglycemia, with HbA1c (49.3% bootstrapped 95%CI (14.5; 80.2%)) and FPG (50.3%
(13.5; 87.3%)) as the most prominent mediators. The diabetes‐associated difference in
retinal arteriolar %‐dilation was also mediated, although to a lesser extent, by 24‐h
diastolic blood pressure (2.8% (0.3; 7.4%)), the use of antihypertensive medication
(15.3% (0.6; 31.1%)) and interleukin‐6 (7.5% (0.6; 14.9%)). The diabetes‐associated
difference in skin %‐hyperemia was, besides HbA1c (46.2% (9.3; 84.3%)), not significantly
mediated by any of the other individual markers which constitute the composite indices.

Figure 3.2

Age‐ and sex‐adjusted mediating effects of markers of hyperglycemia, insulin resistance, blood
pressure, lipid profile, and low‐grade inflammation on the difference in retinal arteriolar
%‐dilation (A) and skin %‐hyperemia (B) between individuals with type 2 diabetes and normal
glucose metabolism.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. All potential mediators are
adjusted for age and sex. The thick horizontal line indicates the mean difference in retinal
arteriolar %‐dilation (left) and skin %‐hyperemia (right) between individuals with type 2 diabetes
and those with normal glucose metabolism, and thus corresponds with a mediation effect of
100%. Mediating effects of markers of blood pressure and lipid profile are additionally adjusted
for the use of antihypertensive or lipid‐modifying medication, respectively. FPG, fasting glucose;
2h‐BG, 2‐h postload glucose; HbA1c, glycated hemoglobin A1c; SAF, skin auto‐fluorescence;
HOMA2_INS, homeostasis model assessment of insulin resistance based on fasting plasma
insulin and FPG; HOMA2_CPEP, homeostasis model assessment of insulin resistance based on
fasting C‐peptide and FPG; H24SYS, 24‐h systolic blood pressure; H24DIA, 24‐h diastolic blood
pressure; HT‐med, use of antihypertensive medication; Tot‐chol, total cholesterol; HDL, inverse
high‐density lipoprotein cholesterol; triglyc, triglycerides; LP‐med, use of lipid‐modifying
medication; hs‐CRP, high‐sensitive C‐reactive protein; SAA, serum amyloid A; sICAM1, soluble
intercellular adhesion molecule‐1; IL‐6, interleukin‐6; IL‐8, interleukin‐8; and TNF‐a, tumor
necrosis factor‐α. GLY = composite index of FPG, HbA1c, and SAF for retinal arteriolar reactivity
analyses, and composite index of FPG, 2‐h postload glucose, HbA1c, and SAF for skin reactivity
analyses; INS = composite index of 2 homeostasis model assessment of insulin resistance,
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1 based on fasting plasma insulin and FPG, and the other based on fasting C‐peptide and FPG;
BP = composite index that combined 24‐h systolic and diastolic blood pressure with the use of
antihypertensive medication; LIP = composite index that combined total cholesterol, inverse
high‐density lipoprotein cholesterol, and triglycerides with the use of lipid‐modifying medication;
INFL = composite index that combined high‐sensitive C‐reactive protein, serum amyloid A,
soluble intercellular adhesion molecule‐1, interleukin‐6, interleukin‐8, and tumor necrosis
factor‐α.

Mediating effects of composite indices for hyperglycemia, insulin
resistance, blood pressure, lipid profile, and low‐grade inflammation on
type 2 diabetes‐associated retinal and skin microvascular dysfunction
For analyses on retinal arteriolar reactivity, 2‐h postload glucose was not incorporated in
the hyperglycemia composite index (Figure 3.2 and Supplemental Table S3.4), as the
mediating effect of 2‐h postload on the T2D‐associated difference in retinal arteriolar
%‐dilation was directed opposite to those of FPG, HbA1c, and SAF. All other composite
indices could justifiably be formed. The hyperglycemia index mainly explained the
age‐ and sex‐adjusted difference in retinal arteriolar %‐dilation and skin %‐hyperemia
between individuals with T2D and those with NGM with statistically significant mediating
effects of 55.3% (20.4; 91.3%) and 64.8% (6.2; 122.4%), respectively (Figure 3.3A and
3.3B). In contrast, insulin resistance, blood pressure, lipid profile, and low‐grade
inflammation indices were no significant mediators of this difference (Figure 3.3A and
3.3B). A similar pattern of mediation was observed for the prediabetes‐associated
difference in retinal arteriolar %‐dilation or skin %‐hyperemia (Figure 3.3C and 3.3D).
Additional adjustment for smoking status and body mass index as covariates did not
materially change these results, except that the mediating effect of the hyperglycemia
index was somewhat smaller and not statistically significant for skin %‐hyperemia
(Supplemental Figure S3.2) (for retinal and skin analyses, data on covariates were
available in n=1756 and n=1239 individuals, respectively). Similar results were found
when body mass index was substituted by waist circumference (data not shown).
Moreover, none of the additional covariates had a significant mediation effect on the
difference in retinal arteriolar %‐dilation or skin %‐hyperemia between individuals with
T2D and NGM (data not shown). Additional adjustment for history of cardiovascular
disease, retinopathy, eGFR, and urinary albumin excretion, again did not materially
change these results (Supplemental Figure S3.3) (for retinal and skin analyses, data on
these additional covariates were available in n=1676 and n=1103 individuals,
respectively).
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Additional analyses
Qualitatively similar mediating effects of the composite indices of potential mediators on
the difference in retinal arteriolar %‐dilation or skin %‐hyperemia between individuals
with T2D and NGM were observed in a range of additional analyses. First, when for
retinal arteriolar reactivity analyses, 2‐h postload glucose (with an opposed individual
mediation effect as compared to FPG, HbA1c, and SAF) was added to the composite
index of hyperglycemia (data not shown). Second, when we used absolute retinal
arteriolar diameter corrected for baseline arteriolar diameter, or absolute skin blood
flow corrected for baseline skin blow flow as outcomes, rather than their percentages
(data not shown). Third, when a composite index of arterial stiffness was added as
potential mediator (for retinal and skin analyses, data on arterial stiffness were available
in n=1453 and n=1090 individuals, respectively) (Supplemental Figure S3.4). Moreover,
the composite index of arterial stiffness did not significantly mediate the diabetes‐
associated impairment in retinal or skin microvascular function. Fourth, when the
composite index of hyperglycemia consisted only of long‐term hyperglycemic measures
(HbA1c and SAF), its mediating effect and corresponding 95% confidence interval
(95%CI) became somewhat smaller (and non‐significant for skin %‐hyperemia;
Supplemental Figure S3.5). Fifth, when the mediating effect of the blood pressure index
was re‐analyzed with a composite index that combined the use of antihypertensive
medication with 24‐h mean arterial pressure and 24‐h pulse pressure, rather than 24‐h
systolic and diastolic blood pressure (Supplemental Figure S3.6). Sixth, when the
individual mediating effect of antihypertensive medication was further specified into
renin‐angiotensin‐aldosterone system (RAAS)‐inhibiting (with or without other types of
antihypertensives) and non‐RAAS‐inhibiting antihypertensives only (data not shown).
RAAS‐inhibiting antihypertensives included angiotensin‐converting‐enzyme inhibitors,
angiotensin receptor blockers, and renin blockers. Seventh, when the composite index of
low‐grade inflammation only included individuals with hs‐CRP <10 mg/l, (for retinal and
skin analyses, n=69 and n=58 individuals were excluded) (Supplemental Figure S3.7).
Last, a similar pattern of mediation was found when composite indices were formed
when participants had data on at least one of the individual markers which constitute
these indices (for retinal and skin analyses, data were then available in n=2237 and
n=1630 individuals, respectively) (Supplemental Figure S3.8). Collinearity diagnostics
revealed no problematic multicollinearity in any of the mediation analyses (i.e. all
tolerance values ≥0.1 and variance inflation factors ≤10).
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Figure 3.3

Fully‐adjusted mediating effects of composite indices on the difference in retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) between individuals with type 2 diabetes and
normal glucose metabolism (top) and individuals with prediabetes and normal glucose
metabolism (bottom).
Mediating effects are presented as the indirect effects of type 2 diabetes (top) or prediabetes
(bottom) on retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) through the potential
mediators in %‐microvascular function [left Y‐axis] and percentage of mediation [right Y‐axis].
Composite indices of potential mediators are adjusted for each other and for age and sex. The
thick horizontal line indicates the mean difference in retinal arteriolar %‐dilation (left) or skin
%‐hyperemia (right) between individuals with type 2 diabetes and those with normal glucose
metabolism (top) or individuals with prediabetes and normal glucose metabolism (bottom), and
thus corresponds with a mediation effect of 100%. Abbreviations as in Figure 3.2.

Discussion
This study demonstrates that prediabetes‐ and T2D‐associated impaired retinal and skin
microvascular function were explained mainly by hyperglycemia. In contrast, insulin
resistance, blood pressure, arterial stiffness, lipid profile, and low‐grade inflammation
did not significantly contribute. Comparable results were obtained after adjustment for
body mass index and smoking status, history of cardiovascular disease, retinopathy,
eGFR, and urinary albumin excretion. These findings suggest that hyperglycemia itself,
rather than the cardiovascular risk context in which diabetes typically develops, is the
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main contributor to the differences in retinal and skin microvascular function between
individuals with prediabetes or relatively well‐controlled T2D and individuals with NGM.
Analyses were performed with multiple mediation instead of single mediation or
multiple regression models, as they provide a superior reflection of the causal chain one
tries to investigate28. Multiple mediation analyses enabled us to determine to what
extent specific composite indices of potential mediators explained prediabetes‐ and
T2D‐associated retinal and skin microvascular dysfunction. Note that mediation and
association represent different concepts. An association reflects a relationship between
two variables, whereas a mediating effect indicates whether an association between two
variables is explained (partly) by a third variable/mediator (Supplemental Figure S3.1)28.
Earlier studies have focused mainly on whether the effects of prediabetes and T2D
on microvascular function were independent of cardiovascular risk factors, including
blood pressure and lipid profile7,29. However, because markers of hyperglycemia, insulin
resistance, blood pressure, lipid profile, and low‐grade inflammation have been shown
to be associated with microvascular dysfunction, irrespective of glucose metabolism
status11,21,22, the question arises to what extent such metabolic and vascular factors may
explain (pre)diabetes‐associated microvascular dysfunction. In this context, this study
shows that hyperglycemia, irrespective of insulin resistance, blood pressure, lipid profile,
and low‐grade inflammation is the main mediator of prediabetes‐ and T2D‐associated
retinal and skin microvascular dysfunction, with a mediation effect of approximately
50‐75% (Figure 3.3). Our finding of a similar pattern of mediation, by hyperglycemia, of
both prediabetes‐ and T2D‐associated retinal and skin microvascular dysfunction
supports an early detrimental effect of hyperglycemia on the retinal and skin
microvasculature. The mechanism linking hyperglycemia and microvascular dysfunction
may be bidirectional, as hyperglycemia may be both cause and consequence of
microvascular dysfunction23. Impairments in flicker light‐induced retinal arteriolar
dilation and heat‐induced skin hyperemia both depend (partly) on nitric oxide and are
likely a reflection of microvascular endothelial dysfunction30,31, possibly in conjunction
with neuronal dysfunction32,33. Pathophysiologically, hyperglycemia can impair
microvascular endothelial function through intraendothelial accumulation of glucose,
formation of advanced glycation end products, and increased oxidative stress34.
In addition, microvascular endothelial dysfunction can cause hyperglycemia by impairing
insulin secretion35 and by impairing the timely access of glucose and insulin to their
target tissue36. Consequently, a vicious circle may exist between hyperglycemia and
microvascular endothelial dysfunction23.
The composite index of blood pressure did not significantly explain the (pre)diabetes‐
associated difference in retinal and skin microvascular function. However, sensitivity
analyses showed that the use of antihypertensive medication, and to a lesser extent
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diastolic blood pressure, explained 2.8 to 15.3% of T2D‐associated retinal arteriolar
dysfunction. The use of antihypertensive medication may be a reflection of previous
exposure to elevated blood pressure, which may have affected retinal arteriolar function
more than actual blood pressure. Similar results as for antihypertensive medication were
found when we further specified antihypertensive medication into renin‐angiotensin‐
aldosterone system (RAAS)‐inhibiting (with or without other types of antihypertensives)
and non‐RAAS‐inhibiting antihypertensives only. In addition, the frequent use of
antihypertensive medication among individuals with T2D (70.1%) may have resulted in a
small difference (<5 mmHg) in actual 24‐h blood pressure between individuals without
and with T2D. Therefore, the possibility to assess a mediating effect of actual blood
pressure in diabetes‐associated retinal and skin microvascular dysfunction may have
been limited.
(Pre)diabetes‐associated retinal and skin microvascular dysfunction was not
significantly explained by indices of insulin resistance, lipid profile, arterial stiffness, and
low‐grade inflammation. However, these findings need to be interpreted with caution.
First, the index of insulin resistance we used is likely to be less accurate than those of
hyperglycemia and blood pressure. Second, the frequent use of lipid‐modifying
medication among individuals with T2D (73.7%) probably resulted in lower
LDL‐cholesterol in individuals with T2D as compared to NGM, which may have limited
the possibility to assess a mediating effect of lipid profile in diabetes‐associated
microvascular dysfunction. Third, the absence of significant mediation by arterial
stiffness of, especially, (pre)diabetes‐associated retinal microvascular dysfunction was
somewhat unexpected, as the retina is known to be sensitive to the higher flow
pulsatility associated with arterial stiffening37. Possibly, the difference in arterial stiffness
between individuals without and with (pre)diabetes was too small in this relatively
well‐treated population38. Finally, diabetes‐associated retinal arteriolar dysfunction was,
to a limited extent (~7.5%), explained by interleukin‐6 levels, but this may be an
underestimation related to the use of a single systemic measurement of a biomarker,
instead of local measurement39.
In conclusion, we did not find strong evidence for mediating roles of insulin
resistance, blood pressure, arterial stiffening, lipid profile, or low‐grade inflammation
but cannot exclude the possibility that such mediation effects do in fact exist, especially
in populations with greater differences in cardiovascular risk profile between individuals
without and with diabetes.
Strengths of our study include its population‐based design with oversampling of
individuals with T2D, which enables an accurate comparison of individuals without and
with T2D; the extensive assessment of potential mediators, including 24‐h ambulatory
blood pressure; the use of two independent methods to directly assess microvascular
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function; the multiple mediation analysis, which offers the possibility to compare
competing mediators against one another28; and the broad array of additional analyses
(Supplemental Material), which all gave consistent results.
Our study had some limitations. First, the data were cross‐sectional; therefore we
cannot exclude reverse causality. While we acknowledge this limitation, there is a strong
a priori likelihood from the association between diabetes and microangiopathy that
hyperglycemia can cause microvascular dysfunction; however the association may be
bidirectional23. Second, although we considered many potential mediators, we cannot
exclude residual mediation by variables not included in these analyses (e.g. dietary
habits and physical activity). We therefore do not claim to have identified all
contributors to (pre)diabetes‐associated microvascular dysfunction. Third, the statistical
power of the hyperglycemia index may have been decreased due to autocorrelation
between measures of hyperglycemia and glucose metabolism status40, leading to the
wide 95%CIs around its mediation effect. However, results for hyperglycemia were
qualitatively similar when the index was composed of measures that were not directly
used for diabetes classification (Supplemental Figure S3.5). In addition, collinearity
diagnostics were negative. Fourth, we did not correct for multiple testing, which may
have increased the possibility of a false positive finding. However, it is unlikely that the
pattern of mediation we observed, and that remained consistent across multiple
sensitivity analyses, is only explained by chance. Fifth, generalizability of our results
should be interpreted with caution, as in our cohort individuals with T2D were generally
well controlled for their diabetes and cardiovascular risk factors. However, selection bias
has not occurred, as individuals were not included based on their glycemic or vascular
risk factor control. Our population may therefore be representative for a population that
has access to quality diabetes care.
In summary, we showed, in a population‐based study, that prediabetes‐ and
T2D‐associated retinal and skin microvascular dysfunction were explained mainly by
hyperglycemia. In this population insulin resistance, arterial stiffness, lipid profile, and
low‐grade inflammation did not explain prediabetes‐ and T2D‐associated retinal and skin
microvascular dysfunction. These findings suggest early and intensive glycemic control in
prediabetes and T2D as a promising therapeutic target for the prevention of
(pre)diabetes‐associated microvascular complications.
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Supplemental Material to chapter 3
Supplemental Methods
Study population
The Maastricht Study1 focuses on the etiology, pathophysiology, complications, and
comorbidities of type 2 diabetes mellitus (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. The examinations of
each participant were performed within a time window of three months. 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.
Glucose metabolism status
To assess glucose metabolism status, all participants (except those who used insulin)
underwent a standardized 2‐h 75 gram oral glucose tolerance test (OGTT) after an
overnight fast. For safety reasons, participants with a fasting glucose level above
11.0 mmol/l, as determined by a finger 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 normal glucose metabolism,
impaired fasting glucose, impaired glucose tolerance (combined as prediabetes), or
T2D1.
Assessment of retinal and skin microvascular function
All participants were asked to refrain from smoking and drinking caffeine‐containing
beverages three hours before the measurement. A light meal (breakfast and (or) lunch),
low in fat content, was allowed at last 90 minutes prior to the start of the
measurements.
Retinal arteriolar dilation response2
For retinal measurements pupils were dilated with 0.5% tropicamide and 2.5%
phenylephrine at least 15 minutes prior to the start of the examination. The retinal
arteriolar dilation response to flicker light was measured in a dimly lit room by use of the
Dynamic Vessel Analyzer (DVA) (Imedos, Jena, Germany). For safety reasons, participants
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with an intraocular pressure exceeding 30 mmHg were excluded from retinal
measurements. Per participant, we randomly measured the left or right eye.
During the measurement, the participant was instructed and encouraged to focus on
the tip of a fixated needle inside the retinal camera (FF450; Carl Zeiss GmbH, Jena,
Germany), while the fundus of the eye was examined under green measuring light
(530‐600 nm, illumination of fundus approximately 6500 lux). A straight arteriolar
segment of approximately 1.5 mm in length located 0.5 to 2.0 disc diameter from the
margin of the optic disc in the temporal section was examined. When the specific vessel
profile was recognized, vessel diameter was automatically and continuously measured
for 150 seconds. A baseline recording of 50 seconds was followed by a 40‐second flicker
light exposure period (flicker frequency 12.5 Hz, bright‐to‐dark contrast ratio 25:1)
followed by a 60‐second recovery period. The DVA automatically corrected for
alterations in luminance caused by, for example, slight eye movements. During blinks
and small eye movements, the registration stopped and restarted once the vessel
segment was automatically re‐identified.
The integrated DVA software (version 4.51, Imedos) automatically calculated
baseline diameter and percentage dilation. Baseline diameter was calculated as the
average diameter size of the 20‐50 seconds recording and was expressed in
measurement units (MU), where 1 MU is equal to 1 µm of the Gullstrand eye3.
Percentage dilation over baseline was based on the average dilation achieved at time
points 10 and 40 seconds during the flicker stimulation period. The purpose of taking the
average dilation was to account for inter‐individual variation in the curve shape during
dilation.
Skin hyperemic response2
Skin blood flow measurements were performed in a climate‐controlled 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, Järfälla,
Sweden), equipped with a thermostatic laser‐Doppler probe (PF457) at the dorsal side of
the wrist of the left hand4. The laser‐Doppler output was recorded for 25 minutes with a
sample rate of 32 Hz, which gives semi‐quantitative assessment of skin blood flow
expressed in arbitrary perfusion units (PU). Skin blood flow was first recorded 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. The heat‐induced skin hyperemic response was expressed as the
percentage increase in average PU during the 23 minutes heating phase over the
average baseline PU.
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Assessment of potential mediators
Hyperglycemia
Venous fasting and postload plasma glucose levels were measured by the enzymatic
hexokinase method on two automatic analyzers (i.e. the Beckman Synchron LX20
(Beckman Coulter Inc., USA) for samples obtained between November 2010 and April
2012, and the Roche Cobas 6000 (Roche Diagnostics, Mannheim, Germany) for samples
obtained thereafter). Glycated hemoglobin A1c (HbA1c) was determined by ion‐
exchange high‐performance liquid chromatography1. Skin auto‐fluorescence as a marker
of tissue advanced glycation end product accumulation was measured with the AGE
reader (DiagnOptics Technologies B.V., Groningen, the Netherlands). Details on the AGE
reader measurements, and data on their reproducibility, have been published
previously5.
Insulin resistance
Homeostasis model assessment of insulin resistance (HOMA2‐IR)insulin and
HOMA2‐IRC‐peptide were both calculated by use of the HOMA2‐calculator version 2.2.3
(available from https://www.dtu.ox.ac.uk/homacalculator). HOMA2‐IR is a widely used
surrogate marker of insulin resistance and corresponds reasonably well to clamp‐derived
measures of insulin resistance6. HOMA2‐IRC‐peptide may be a better marker of peripheral
insulin resistance than HOMA2‐IRinsulin, as C‐peptide is not cleared by the liver, and is
therefore considered a more stable and thus accurate marker of endogenous insulin
secretion. Fasting insulin and C‐peptide levels were both quantified on a Meso Scale
custom duplex assay (Meso Scale Discovery, Gaithersburg, Maryland, USA).
Blood pressure
Participants were asked to undergo 24‐h blood pressure monitoring (WatchBP03,
Microlife AG, Widnau, Switzerland) with an appropriate‐sized cuff placed around their
non‐dominant arm1,7. The device was programmed to take blood pressure readings
every 15 minutes during daytime (8 a.m. – 11 p.m.) and every 30 minutes during the
night (11 p.m. – 8 a.m.). According to recommendations of the British Hypertension
society8, mean 24‐h blood pressure measurements were only calculated if there were
more than 14 valid blood pressure measurements during daytime and more than 7 valid
measurements during nighttime. The use of antihypertensive medication was assessed
during a medication interview where generic name, dose, and frequency were
registered1.
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Arterial stiffness
Carotid‐femoral pulse wave velocity was measured at the right common carotid and
right common femoral artery, with the use of applanation tonometry (sphygmoCor,
Atcor Medical, Sydney, Australia) according to recent guidelines9. Carotid diameter (D)
and distension (DS) of the left common carotid artery (at least 10 mm proximal to the
carotid bulb) were measured with an ultrasound scanner equipped with a 7.5 MHz linear
probe (MyLab 70, Esaote Europe B.V., Maastricht, the Netherlands). Combined with
brachial pulse pressure, these measures were used to calculate the carotid distensibility
coefficient with the formula: (2DS * D + DS2) / (pulse pressure * D2). Note that higher
values of carotid‐femoral pulse wave velocity, but lower values of the carotid
distensibility coefficient reflect greater arterial stiffness. Further details on the carotid‐
femoral pulse wave velocity, carotid distensibility index, and data on their
reproducibility, have been published previously10.
Lipid profile
Serum concentrations of total cholesterol, high‐density lipoprotein (HDL) cholesterol,
and triglycerides were measured using an automatic analyzer (Beckman Synchron LX20,
Beckman Coulter Inc. Brea, USA). The use of lipid‐modifying medication was assessed
during a medication interview where generic name, dose, and frequency were
registered1.
Markers of low‐grade inflammation
Plasma biomarkers of low‐grade inflammation (high‐sensitive C‐reactive protein
(hs‐CRP), serum amyloid A (SAA), soluble intercellular adhesion molecule‐1 (sICAM‐1),
interleukin‐6, interleukin‐8, and tumor necrosis factor‐α (TNF‐α)) of the first
866 individuals of The Maastricht Study were measured in ethylenediaminetetraacetic
acid (EDTA) plasma samples with commercially available 4‐plex sandwich immunoassay
kits (Meso Scale Discovery, Rockville, Maryland, USA) as described previously11.
From individual 867 onwards, plasma biomarkers of low‐grade inflammation were
measured in EDTA plasma samples with renewed commercially available 4‐plex
sandwich immunoassay kits with different standards and antibodies (Meso Scale
Discovery, Rockville, Maryland, USA). For this technique in this study, the intra‐ and
inter‐assay coefficients of variation were 5.4 and 5.4 for hs‐CRP, 8.7 and 10.8 for SAA,
10.3 and 8.4 for sICAM‐1, 13.2 and 11.9 for interleukin‐6, 7.6 and 5.5 for interleukin‐8,
and 4.3 and 6.2 for TNF‐α, respectively.
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Absolute values of plasma biomarkers of low‐grade inflammation differed between
the individuals measured with the old and renewed 4‐plex sandwich immunoassay kits.
To realign the absolute low‐grade inflammation marker values of individuals measured
with the old 4‐plex sandwich immunoassay to individuals measured with the renewed
4‐plex sandwich immunoassay, realign formulas were calculated with Deeming
regression analyses12. In order to do so, the first 419 out of 866 individuals, who were
measured with the old 4‐plex sandwich immunoassay, were measured with the renewed
4‐plex sandwich immunoassay as well.

Assessment of covariates
History of cardiovascular disease, smoking status (never, former, current), and duration
of diabetes were assessed by web‐based questionnaires1. History of cardiovascular
disease was defined as a history of myocardial infarction, stroke, or vascular surgery
(including angioplasty) of coronary, carotid, abdominal aortic, or peripheral arteries. We
measured height, weight, waist circumference, office blood pressure, serum creatinine
and cystatin C13, and 24‐h urinary albumin excretion (twice) as described previously1.
Body mass index was calculated as weight (kg) divided by height (m2). Estimated
glomerular filtration rate (eGFR; in ml/min/1.73m2) was calculated with the Chronic
Kidney Disease Epidemiology Collaboration (CDK‐epi) equation based on both serum
creatinine and serum cystatin C14. The presence of retinopathy was assessed in both
eyes by use of fundus photographs taken with an auto fundus camera (Model AFC‐230,
Nidek, Gamagori, Japan)1.

Statistical analysis
Differences in general characteristics among individuals in the study populations and
individuals excluded due to missing values were compared by Analyses of Variance
(ANOVA) for continuous variables and χ2‐test for categorical variables.
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Supplemental Figures

Figure S3.1

(A) Model showing the total effect (c) of type 2 diabetes (X) on retinal or skin microvascular
function (Y). (B) Illustration of a simple mediation design in which type 2 diabetes’ (X) causal
effect on retinal or skin microvascular function (Y) is hypothesized to exert an indirect effect
(a‐path * b‐path) through each potential mediator (M) and a remaining direct effect on
Y (path c’).
The a‐path represents the effect of X on the proposed mediator (M), while the b‐path represents
the effect of M on Y. The product of the a‐ and b‐path (a * b) represents the indirect effect of
X on Y via mediator M. The total effect (c) of X on Y can be expressed as the sum of the indirect
and direct effects: c = c’ + ab. Potential mediators (M) are markers of hyperglycemia, insulin
resistance, blood pressure, lipid profile, and low‐grade inflammation.
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Figure S3.2
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Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism, with smoking status and body mass index as additional covariates.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age, sex, smoking status, and body mass index.
The thick horizontal line indicates the mean difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and those with normal glucose
metabolism, and thus corresponds with a mediation effect of 100%. GLY = composite index of
fasting glucose, glycated hemoglobin A1c (HbA1c), and skin auto‐fluorescence for retinal
arteriolar reactivity analyses, and composite index of fasting glucose, 2‐h postload glucose,
HbA1c, and skin auto‐fluorescence for skin reactivity analyses; INS = composite index of
2 homeostasis model assessment of insulin resistance, 1 based on fasting plasma insulin and
fasting plasma glucose, and the other based on fasting C‐peptide and fasting plasma glucose;
BP = composite index that combined 24‐h systolic and diastolic blood pressure with the use of
antihypertensive medication; LIP = composite index that combined total cholesterol, inverse
high‐density lipoprotein cholesterol, and triglycerides with the use of lipid‐modifying medication;
INFL = composite index that combined high‐sensitive C‐reactive protein, serum amyloid A,
soluble intercellular adhesion molecule‐1, interleukin‐6, interleukin‐8, and tumor necrosis
factor‐α.

Mechanism of (pre)diabetes‐associated microvascular dysfunction

Figure S3.3

Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism, with history of cardiovascular disease, retinopathy, estimated glomerular filtration
rate, and urinary albumin excretion as additional covariates.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age, sex, history of cardiovascular disease,
retinopathy, estimated glomerular filtration rate, and urinary albumin excretion (the latter 2 as
continuous variables). The thick horizontal line indicates the mean difference in retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) between individuals with type 2 diabetes and those
with normal glucose metabolism, and thus corresponds with a mediation effect of 100%.
Abbreviations as in Supplemental Figure S3.2.

Figure S3.4

Mediating effects of composite indices with an additional composite index of arterial stiffness on
the difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and normal glucose metabolism.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age and sex. The thick horizontal line indicates the
mean difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and those with normal glucose metabolism, and thus
corresponds with a mediation effect of 100%. AS = composite index that combined carotid‐
femoral pulse wave velocity and the inverse carotid distensibility coefficient. Abbreviations as in
Supplemental Figure S3.2.

85

Chapter 3

Figure S3.5

Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism, with an alternatively‐formed long‐term hyperglycemia composite index.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age and sex. The thick horizontal line indicates the
mean difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and those with normal glucose metabolism, and thus
corresponds with a mediation effect of 100%. GLY_LONG = composite index of HbA1c and
skin auto‐fluorescence (advanced glycation end products). Abbreviations as in Supplemental
Figure S3.2.

Figure S3.6

Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism, with an alternatively‐formed blood pressure composite index.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age and sex. The thick horizontal line indicates the
mean difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and those with normal glucose metabolism, and thus
corresponds with a mediation effect of 100%. BP2 = composite index that combined 24‐h mean
arterial pressure and 24‐h pulse pressure with the use of antihypertensive medication.
Abbreviations as in Supplemental Figure S3.2.
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Figure S3.7

Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism after exclusion of participants with high‐sensitive C‐reactive protein >10 mg/l.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age and sex. The thick horizontal line indicates the
mean difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and those with normal glucose metabolism, and thus
corresponds with a mediation effect of 100%. INFL2 = composite index that combined high‐
sensitive C‐reactive protein (after exclusion of participants with high‐sensitive C‐reactive protein
>10 mg/l), serum amyloid A, soluble intercellular adhesion molecule‐1, interleukin‐6,
interleukin‐8, and tumor necrosis factor‐α. Abbreviations as in Supplemental Figure S3.2.

Figure S3.8

Mediating effects of composite indices on the difference in retinal arteriolar %‐dilation (left) and
skin %‐hyperemia (right) between individuals with type 2 diabetes and normal glucose
metabolism, with composite indices calculated when participants had data on at least one of the
individual markers of which the composite indices consisted.
Mediating effects are presented as the indirect effects of type 2 diabetes on retinal arteriolar
%‐dilation (left) and skin %‐hyperemia (right) through the potential mediators in %‐microvascular
function [left Y‐axis] and percentage of mediation [right Y‐axis]. Composite indices of potential
mediators are adjusted for each other and for age and sex. The thick horizontal line indicates the
mean difference in retinal arteriolar %‐dilation (left) and skin %‐hyperemia (right) between
individuals with type 2 diabetes and those with normal glucose metabolism, and thus
corresponds with a mediation effect of 100%. Abbreviations as in Supplemental Figure S3.2.
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Supplemental Tables
Table S3.1

General characteristics of the skin hyperemia study population according to glucose metabolism
status

Characteristic
Age (years)
Women
*
Diabetes duration (years)
2
Body mass index (kg/m )
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
†
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Skin auto‐fluorescence (AU)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
HOMA2‐IRInsulin (AU)
HOMA2‐IRC‐peptide (AU)
Markers of low‐grade inflammation
‐ High‐sensitive CRP (mg/l)
‐ Serum amyloid A (mg/l)
‐ Soluble ICAM‐1 (ng/ml)
‐ Interleukin‐6 (pg/ml)
‐ Interleukin‐8 (pg/ml)
‐ Tumor necrosis factor‐α (pg/ml)
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NGM
n=698
58.7±8.1
397 (56.9)
‐
25.5±3.6

Prediabetes
n=207
61.7±7.2
88 (42.5)
‐
27.7±3.9

Type 2 diabetes
n=376
62.6±7.6
119 (31.6)
6.0 [3.0‐11.0]
29.2±4.5

96.4±9.3
86.6±10.0
92 (13.6)
131.4±17.0
75.6±9.6
117.4±10.6
73.7±6.8
43.7±7.1
88.2±7.6

101.9±9.9
92.8±12.3
27 (13.5)
138.5±16.5
79.0±9.5
121.6±12.3
75.0±7.2
46.6±9.1
90.5±8.2

106.0±11.5
101.2±14.4
91 (25.9)
142.8±18.4
77.2±9.5
123.5±12.3
73.2±7.0
50.4±9.9
89.9±7.8

242/360/81
35.4/52.7/11.9
5.1±0.4
5.4±1.1
5.5±0.3
36.6±3.6
2.4±0.5
3.6±1.1
5.6±1.1
1.7±0.5
3.4±1.0
1.2±0.6
178 (25.5)
145 (20.8)

60/123/19
29.7/60.9/9.4
5.9±0.6
8.1±1.8
5.7±0.4
39.1±4.7
2.6±0.5
4.0±1.2
5.6±1.2
1.5±0.4
3.4±1.1
1.7±1.3
92 (44.4)
68 (32.9)

103/203/49
29.0/57.2/13.8
7.7±1.5
14.4±3.9
6.8±0.9
50.7±10.1
2.7±0.6
3.7±1.1
4.4±1.1
1.3±0.4
2.4±0.9
1.7±0.9
260 (69.1)
282 (75.0)

‐
‐
‐
1.3±0.7
1.3±0.5

‐
‐
‐
2.0±1.2
1.8±0.8

287 (76.3)
68 (18.1)
272 (72.3)
2.3±1.4
2.1±0.9

1.1 [0.6‐2.3]
3.2 [2.0‐5.1]
339.3±77.4
0.5 [0.4‐0.8]
3.8 [3.1‐4.7]
2.1 [1.8‐2.4]

1.7 [0.9‐3.7]
3.6 [2.3‐5.6]
368.6±87.2
0.7 [0.5‐0.9]
4.3 [3.4‐5.3]
2.3 [1.9‐2.6]

1.4 [0.7‐3.2]
3.5 [2.1‐5.9]
382.2±118.2
0.7 [0.5‐1.1]
4.8 [3.9‐6.1]
2.3 [2.0‐2.9]
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Table S3.1

(continued)

Characteristic
Markers of arterial stiffness
‐ Carotid‐femoral PWV (m/s)
3
‐ Carotid DC (10 /kPa)
2
eGFR (ml/min/1.73m )
2
eGFR<60 ml/min/1.73m
‡
(Micro)albuminuria
Retinopathy
Baseline skin blood flow (PU)
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median [interquartile range]

NGM
n=698

Prediabetes
n=207

Type 2 diabetes
n=376

8.6±1.8
14.6±5.1
89.4±13.1
12 (1.7)
25 (3.6)
1 (0.2)
10.8±6.4

9.4±2.3
13.3±5.0
86.6±14.1
8 (3.9)
14 (6.8)
0 (0.0)
11.7±7.2

9.9±2.5
12.9±4.7
86.1±17.1
30 (8.0)
62 (16.6)
15 (4.2)
11.0±5.7

1252.6±813.4
1104.0 [668.7‐1656.9]

1107.4±710.8
941.7±701.1
1006.9 [604.9‐1536.9] 821.2 [479.0‐1209.8]

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate.
NGM, normal glucose metabolism; SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood
pressure; PP, pulse pressure; MAP, mean arterial pressure; HbA1c, glycated hemoglobin A1c; AU, arbitrary
units; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; HOMA2‐IR, homeostasis model assessment
of insulin resistance; CRP, C‐reactive protein; ICAM, intercellular adhesion molecule; PWV, pulse wave velocity;
*
DC, distensibility coefficient; eGFR, estimated glomerular filtration rate; PU, perfusion units. Available in
†
‡
254 individuals with type 2 diabetes. Available in 308 individuals with type 2 diabetes. (Micro)albuminuria
was defined as a urinary albumin excretion of >30 mg per 24 hours.

Table S3.2

General characteristics of the skin hyperemia study population and individuals excluded from the
analyses due to missing values

Characteristic
Age (years)
Women
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
Diabetes duration (years)
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)

Skin hyperemia
study population
(n=1281)
60.3±8.0
604 (47.2)
698 (54.5)
207 (16.2)
376 (29.4)
6.0 [3.0‐11.0]
27.0±4.2
101.0±11.1
90.4±12.7
210 (17.1)
135.9±18.1
76.6±9.6
119.9±11.7
73.7±6.9
46.1±8.8
89.1±7.8
405/686/149
32.7/55.3/12.0

Missings in skin
hyperemia study
population*
0
0
0

122
1
0

53
1
1
0
0
0
0
41

Excluded due to Missings in population
missing values
excluded due to
(n=2129)
missing values†
P‐value
59.5±8.4
0
0.906
1050 (49.3)
0
0.769
0
0.019
1226 (57.6)
304 (14.3)
599 (28.1)
7.0 [3.0‐13.0]
189
0.155
27.1±4.7
2
0.001
4
101.9±12.7
0.009
89.9±13.2
0.007
342 (16.5)
52
0.013
134.5±18.3
1
0.716
76.0±9.9
1
0.111
118.4±11.9
396
0.787
73.3±7.3
396
0.514
45.1±8.7
396
0.865
88.4±8.1
396
0.601
20
0.009
755/1043/311
25.8/49.5/14.7
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Table S3.2 (continued)

Characteristic
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Skin auto‐fluorescence (AU)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
HOMA2‐IRInsulin (AU)
HOMA2‐IRC‐peptide (AU)
Markers of low‐grade inflammation
‐ High‐sensitive CRP (mg/l)
‐ Serum amyloid A (mg/l)
‐ Soluble ICAM‐1 (ng/ml)
‐ Interleukin‐6 (pg/ml)
‐ Interleukin‐8 (pg/ml)
‐ Tumor necrosis factor‐α (pg/ml)
Markers of arterial stiffness
‐ Carotid‐femoral PWV (m/s)
‐ Carotid DC (103/kPa)
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria‡
Retinopathy
Baseline skin blood flow (PU)
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median [interquartile range]

Skin hyperemia
study population
(n=1281)
6.0±1.4
8.1±4.4
5.9±0.8
41.1±8.9
2.5±0.5
3.7±1.1
5.3±1.2
1.5±0.5
3.1±1.1
1.5±0.9
530 (41.4)
495 (38.6)

Missings in skin
hyperemia study
population*
0
68
0
0
0
0
0
0
0
0
0
0

Excluded due to Missings in population
missing values
excluded due to
(n=2129)
missing values†
6.1±1.8
1
7.7±4.1
183
5.9±1.0
13
41.1±10.5
13
2.4±0.5
200
3.7±1.2
4
5.2±1.1
4
1.5±0.5
4
3.1±1.0
4
1.4±0.8
4
825 (38.8)
4
725 (34.1)
4

287 (22.4)
68 (5.3)
272 (21.2)
1.7±1.1
1.6±0.8

0
0
0
0
0

478 (22.5)
148 (7.0)
441 (20.8)
1.7±1.2
1.6±1.0

4
4
4
198
55

<0.001
<0.001
0.002
0.054
0.003

1.2 [0.6‐2.7]
3.3 [2.1‐5.5]
356.6±94.7
0.6 [0.4‐0.9]
4.1 [3.3‐5.2]
2.2 [1.9‐2.5]

0
0
0
0
0
0

1.3 [0.6‐2.9]
3.2 [2.0‐5.4]
353.6±103.2
0.6 [0.4‐0.9]
4.1 [3.3‐5.4]
2.2 [1.9‐2.6]

38
38
38
39
38
38

0.152
0.388
0.981
0.446
<0.001
0.251

9.1±2.2
13.9±5.0
88.0±14.6
50 (3.9)
101 (7.9)
16 (1.4)
11.0±6.3

168
157
5
5
7
118
0

9.0±2.1
14.5±5.2
88.2±15.0
93 (4.4)
190 (9.1)
24 (1.4)
11.4±6.6§

391
359
28
28
35
469
1763

0.168
0.164
0.453
0.647
0.067
0.127
0.773

1137.9±777.3
1012.2
[594.4‐1516.0]

0
0

1080.9±752.3§
913.1
[529.4‐1415.4]§

1763
1763

0.214
0.214

P‐value
<0.001
0.738
<0.001
<0.001
<0.001
0.002
0.019
<0.001
0.607
0.628
0.005
0.142

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate.
P‐value indicates comparison between study population and individuals excluded due to missing values.
SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure;
MAP, mean arterial pressure; HbA1c, glycated hemoglobin A1c; AU, arbitrary units; HDL, high‐density
lipoprotein; LDL, low‐density lipoprotein; HOMA2‐IR, homeostasis model assessment of insulin resistance;
CRP, C‐reactive protein; ICAM, intercellular adhesion molecule; PWV, pulse wave velocity; DC, distensibility
*
coefficient; eGFR, estimated glomerular filtration rate; PU, perfusion units. Total number of missings for a
†
specific variable in the skin hyperemia study population, Total number of missings for a specific variable in the
‡
population which was excluded, (Micro)albuminuria was defined as a urinary albumin excretion of >30 mg per
§
24 hours, 366 were excluded due to missing on potential mediator.
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Table S3.3

General characteristics of the retinal reactivity study population and individuals excluded from
the analyses due to missing values

Characteristic
Age (years)
Women
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
Diabetes duration (years)
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Skin auto‐fluorescence (AU)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
HOMA2‐IRInsulin (AU)
HOMA2‐IRC‐peptide (AU)
Markers of low‐grade inflammation
‐ High‐sensitive CRP (mg/l)
‐ Serum amyloid A (mg/l)
‐ Soluble ICAM‐1 (ng/ml)
‐ Interleukin‐6 (pg/ml)
‐ Interleukin‐8 (pg/ml)
‐ Tumor necrosis factor‐α (pg/ml)

Retinal reactivity Missings in retinal Excluded due to Missings in population
study population reactivity study
missing values
excluded due to
(n=1791)
population*
(n=1619)
missing values†
59.8±8.2
0
59.8±8.3
0
873 (48.7)
0
781 (48.2)
0
0
0
1040 (58.0)
884 (54.6)
276 (15.4)
235 (14.5)
475 (26.5)
500 (30.9)
6.0 [3.0‐12.0]
124
7.0 [3.0‐12.0]
187
26.9±4.2
2
27.4±4.9
1
1
3
100.9±11.2
102.4±13.1
89.3±12.3
91.0±13.7
264 (15.2)
51
288 (18.4)
54
134.9±17.8
2
135.1±18.6
0
76.5±9.9
2
75.9±9.7
0
119.1±11.6
0
119.0±12.1
396
73.6±7.2
0
73.4±7.1
396
45.5±8.4
0
45.6±9.1
396
88.7±8.0
0
89.6±8.0
396
33
28
620/927/211
540/802/249
35.3/52.7/12.0
33.4/50.4/15.7
6.0±1.4
0
6.2±1.9
1
7.9±4.2
86
7.9±4.3
165
5.8±0.8
0
6.0±1.0
13
40.1±8.8
0
42.2±11.0
13
2.4±0.5
0
2.5±0.6
200
3.6±1.1
0
3.7±1.2
4
5.3±1.2
0
5.2±1.1
4
1.6±0.5
0
1.5±0.5
4
3.1±1.0
0
3.1±1.0
4
1.4±0.8
0
1.4±0.9
4
672 (37.5)
0
683 (42.3)
4
621 (34.7)
0
599 (37.1)
4

P‐value
0.906
0.769
0.019

0.155
0.001
0.009
0.007
0.013
0.716
0.111
0.787
0.514
0.865
0.601
0.009

<0.001
0.738
<0.001
<0.001
<0.001
0.002
0.019
<0.001
0.607
0.628
0.005
0.142

359 (20.0)
86 (4.8)
338 (18.9)
1.7±1.1
1.6±0.8

0
0
0
0
0

406 (25.1)
130 (8.0)
375 (23.2)
1.8±1.2
1.7±1.0

4
4
4
198
55

<0.001
<0.001
0.002
0.054
0.003

1.2 [0.6‐2.7]
3.2 [2.0‐5.4]
354.8±96.5
0.6 [0.4‐0.9]
4.1 [3.2‐5.2]
2.2 [1.9‐2.6]

0
0
0
0
0
0

1.3 [0.6‐2.9]
3.3 [2.1‐5.6]
354.7±103.9
0.6 [0.4‐0.9]
4.3 [3.4‐5.6]
2.2 [1.9‐2.6]

38
38
38
39
38
38

0.152
0.388
0.981
0.446
<0.001
0.251
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Table S3.3

(continued)

Characteristic
Markers of arterial stiffness
‐ Carotid‐femoral PWV (m/s)
‐ Carotid DC (103/kPa)
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria‡
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]

Retinal reactivity Missings in retinal Excluded due to Missings in population
study population reactivity study
missing values excluded due to missing
values†
P‐value
(n=1791)
population*
(n=1619)
9.0±2.0
14.4±5.1
88.3±14.5
73 (4.1)
139 (7.8)
20 (1.1)
115.4±15.5

304
284
4
4
10
51
0

9.1±2.3
14.2±5.1
87.9±15.2
70 (4.4)
152 (9.6)
20 (1.8)
115.7±16.0§

255
232
29
29
32
536
1149

0.168
0.164
0.453
0.647
0.067
0.127
0.773

3.1±2.8
2.6 [0.8‐5.0]

0
0

2.9±2.7§
2.5 [0.8‐4.7]§

1149
1149

0.214
0.214

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate.
P‐value indicates comparison between study population and individuals excluded due to missing values.
SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure;
MAP, mean arterial pressure; HbA1c, glycated hemoglobin A1c; AU, arbitrary units; HDL, high‐density
lipoprotein; LDL, low‐density lipoprotein; HOMA2‐IR, homeostasis model assessment of insulin resistance;
CRP, C‐reactive protein; ICAM, intercellular adhesion molecule; PWV, pulse wave velocity; DC, distensibility
*
coefficient; eGFR, estimated glomerular filtration rate; MU, measurement units. Total number of missings for
†
a specific variable in the retinal reactivity study population, Total number of missings for a specific variable in
‡
the population which was excluded, (Micro)albuminuria was defined as a urinary albumin excretion of >30 mg
§
per 24 hours, 470 were excluded due to missing on potential mediator.
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Age‐ and sex‐adjusted mediating effect of markers of hyperglycemia, insulin resistance, blood
pressure, arterial stiffness, lipid profile, and low‐grade inflammation on type 2 diabetes‐
associated impaired retinal arteriolar %‐dilation and skin %‐hyperemia
Retinal arteriolar %‐dilation
(n=1791)

Hyperglycemia
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)†
HbA1c (%)
Skin auto‐fluorescence (AU)
Insulin resistance
HOMA2‐IRInsulin (AU)
HOMA2‐IRC‐peptide (AU)
‡
Blood pressure
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Antihypertensive medication use
§
Markers of arterial stiffness
Carotid‐femoral PWV (m/s)
3
||
Carotid DC (* ‐1) (10 /kPa)
‡
Lipid profile
Total cholesterol (mmol/l)
||
HDL cholesterol (* ‐1) (mmol/l)
Triglycerides (mmol/l)
Lipid‐modifying medication use
Markers of low‐grade inflammation
(log) High‐sensitive CRP (mg/l)
(log) Serum amyloid A (mg/l)
Soluble ICAM‐1 (ng/ml)
(log) Interleukin‐6 (pg/ml)
(log) Interleukin‐8 (pg/ml)
(log) Tumor necrosis factor‐α (pg/ml)

‐0.42 (‐0.73; ‐0.11)*
0.19 (‐0.35; 0.74)
‐0.41 (‐0.67; ‐0.12)*
‐0.04 (‐0.10; 0.02)

Skin %‐hyperemia
(n=1281)
‐75 (‐159; 11)
‐94 (‐264; 97)
‐97 (‐177; ‐19)*
‐10 (‐32; 11)

‐0.00 (‐0.14; 0.15)
‐0.00 (‐0.15; 0.15)

‐24 (‐61; 11)
‐15 (‐54; 31)

0.01 (‐0.00; 0.05)
‐0.02 (‐0.06; ‐0.00)*
‐0.13 (‐0.26; ‐0.01)*

‐9 (‐23; 1)
‐1 (‐10; 5)
‐11 (‐46; 21)

0.01 (‐0.06; 0.09)
‐0.01 (‐0.05; 0.01)

11 (‐11; 38)
8 (‐2; 25)

‐0.06 (‐0.14; 0.00)
0.00 (‐0.11; 0.11)
‐0.04 (‐0.11; 0.04)
‐0.13 (‐0.30; 0.03)

‐13 (‐39; 9)
2 (‐30; 35)
‐14 (‐35; 2)
‐14 (‐60; 35)

‐0.00 (‐0.06; 0.05)
‐0.03 (‐0.08; 0.01)
‐0.01 (‐0.07; 0.06)
‐0.06 (‐0.12; ‐0.01)*
0.02 (‐0.05; 0.10)
‐0.03 (‐0.09; 0.01)

‐3 (‐17; 10)
6 (‐5; 21)
‐17 (‐38; 1)
‐0 (‐32; 29)
3 (‐12; 19)
‐9 (‐26; 6)

Mediating effects are presented as the indirect effects (95%CI) of type 2 diabetes on retinal arteriolar dilation
and skin hyperemia through the potential mediators in percentage microvascular function. All analyses are
*
†
adjusted for age and sex. P<0.05. Available in n=1705 for the retinal population and n=1213 for the skin
‡
population. Mediating effects of markers of blood pressure and lipid profile are additionally adjusted for the
§
use of antihypertensive or lipid‐modifying medication, respectively. Available in n=1453 for the retinal
||
population and n=1090 for the skin population. The variables HDL‐cholesterol and carotid DC were multiplied
by ‐1, as a lower HDL‐cholesterol represents dyslipidemia, and a lower carotid DC represents arterial stiffness.
HbA1c, glycated hemoglobin A1c; AU, arbitrary units; HOMA2‐IR, homeostatic model assessment of insulin
resistance; SBP, systolic blood pressure; DBP, diastolic blood pressure; PWV, pulse wave velocity;
DC, distensibility coefficient; HDL, high‐density lipoprotein; CRP, C‐reactive protein; ICAM, intercellular
adhesion molecule.
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Abstract
Objective
Microvascular dysfunction is an important underlying mechanism of microvascular diseases.
Determinants (age, sex, hypertension, dyslipidemia, hyperglycemia, obesity, and smoking) of
macrovascular diseases affect large‐artery endothelial function. These risk factors also associate
with microvascular diseases. We hypothesized that they are also determinants of microvascular
(endothelial) function.
Methods
In The Maastricht Study, a type 2 diabetes‐enriched population‐based cohort study (n=1991, 51%
men, aged 59.7±8.2 years), we determined microvascular function as flicker light‐induced retinal
arteriolar %‐dilation and heat‐induced skin %‐hyperemia. Multiple linear regression analyses were
used to assess the associations of cardiovascular risk factors (age, sex, waist circumference, total‐
to‐high‐density lipoprotein (HDL) cholesterol ratio, fasting plasma glucose (FPG), 24‐h systolic
blood pressure, and cigarette smoking) with retinal and skin microvascular function.
Results
In multivariate analyses, age and FPG were inversely associated with retinal and skin microvascular
function (regression coefficients per standard deviation (SD) were ‐0.11SD (95%CI: ‐0.15; ‐0.06)
and ‐0.12SD (‐0.17; ‐0.07) for retinal arteriolar %‐dilation and ‐0.10SD (‐0.16; ‐0.05) and ‐0.11SD
(‐0.17; ‐0.06) for skin %‐hyperemia, respectively. Men and current smokers had ‐0.43SD
(‐0.58; ‐0.27) and ‐0.32SD (‐0.49; ‐0.15) lower skin %‐hyperemia, respectively. 24‐h systolic blood
pressure, waist circumference, and total‐to‐HDL cholesterol ratio were not statistically significantly
associated with these microvascular functions.
Conclusions
Associations between cardiovascular risk factors and retinal and skin microvascular function show
a pattern that is partly similar to the associations between cardiovascular risk factors and
macrovascular function. Impairment of microvascular function may constitute a pathway through
which an adverse cardiovascular risk factor pattern may increase risk of diseases of (partly)
microvascular origin.
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Introduction
Microvascular dysfunction is an important underlying mechanism in common diseases of
(partly) microvascular origin such as heart failure1, (lacunar) stroke2, depression3,
cognitive decline4, retinopathy5, chronic kidney disease6, and neuropathy5.
However, determinants of microvascular dysfunction in the general population are
mostly unknown. Although several studies7‐13 have investigated potential determinants
of microvascular function, these studies were conducted in small numbers of highly
selected individuals7‐13 and were insufficiently adjusted7‐13 for potential confounders,
which limits translation to the general population.
In the general population, age, sex, hypertension, dyslipidemia, hyperglycemia,
obesity, and smoking are major determinants of macrovascular diseases (e.g. stroke,
myocardial infarction, and peripheral artery disease)14, and have been shown to act
through inducing large‐artery endothelial dysfunction15,16. However, this does not
necessarily imply that microvascular endothelial function is affected similarly, as
endothelial cells are known to be heterogeneous, depending on their localization17.
Nevertheless, many of these risk factors are also associated with microvascular
diseases18‐21. Thus, we hypothesized that these risk factors may also be determinants of
microvascular (endothelial) function.
Therefore, this study aimed to determine, in a population‐based setting, whether
cardiovascular risk factors were associated with, and thus potential determinants of,
retinal and skin microvascular endothelial function. We chose retina and skin because
these are unique sites enabling direct and reproducible22,23 assessment of microvascular
function, as measured by flicker light‐induced retinal arteriolar dilation and heat‐induced
skin hyperemia.

Methods
Study population and design
We used data from The Maastricht Study, an observational prospective population‐
based cohort study. The rationale and methodology have been described previously24.
In brief, the study focuses on the etiology, pathophysiology, complications, and
comorbidities of type 2 diabetes (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,
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with an oversampling of individuals with T2D, for reasons of efficiency. The present
report includes cross‐sectional data from the first 3451 participants, 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.

Assessment of microvascular function
All participants were asked to refrain from smoking and drinking caffeine‐containing
beverages three hours before the measurement. 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.
Retinal arteriolar vasodilation to flicker light exposure was measured by the Dynamic
Vessel Analyzer (Imedos, Jena, Germany). Briefly, a baseline recording of 50 seconds was
followed by 40‐second flicker light exposure followed by a 60‐second recovery period.
Baseline diameter was calculated as the average diameter size of the 20‐50 seconds
recording and was expressed in measurement units (MU). Percentage dilation over
baseline was based on the average dilation achieved at time points 10 and 40 seconds
during the flicker stimulation period.
Heat‐induced skin hyperemia was measured by laser‐Doppler flowmetry (Perimed,
Järfälla, Sweden). Briefly, skin blood flow, expressed in arbitrary perfusion units (PU),
was recorded unheated for 2 minutes to serve as a baseline. After 2 minutes, the
temperature of the laser‐Doppler probe was rapidly and locally increased to 44°C, and
was kept constant until the end of the registration. The heat‐induced skin hyperemic
response was expressed as the percentage increase in average PU during the 23 minutes
heating phase over the 2 minutes average baseline PU. Both measurements have
extensively been described previously25; more details are provided in the Supplemental
Methods.

Definition of cardiovascular risk factors
Cardiovascular risk factors considered were age, sex, waist circumference, fasting plasma
glucose (FPG), total‐to‐high‐density lipoprotein (HDL) cholesterol ratio, 24‐h systolic
blood pressure, and smoking status. We also considered lipid‐modifying and
antihypertensive medication.
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Measurement of cardiovascular risk factors
We determined body mass index, waist circumference, glucose levels, glycated
hemoglobin A1c (HbA1c), 24‐h ambulatory systolic and diastolic blood pressure, total
and HDL cholesterol, and triglycerides as described previously24 and detailed in the
Supplemental Material. Smoking status (never, former, current) and pack‐years of
smoking were assessed by web‐based questionnaire24. Glucose metabolism status was
defined according to the World Health Organization 2006 criteria, based on a
standardized 2‐h 75 gram oral glucose tolerance test (Supplemental Material).

Measurement of covariates
The use of lipid‐modifying and antihypertensive medication was assessed during a
medication interview where generic name, dose, and frequency were registered24. The
assessment of history of cardiovascular disease, 24‐h urinary albumin excretion,
estimated glomerular filtration rate (eGFR), and the presence of retinopathy have been
described previously24 (cf. the Supplemental Material).

Statistical analysis
All analyses were performed with Statistical Package for Social Sciences version 23.0
(IBM SPSS, Armonk, USA). Variables with a skewed distribution (diabetes duration and
pack‐years of smoking) were log10 transformed. Standardized multiple linear regression
analyses were used to evaluate the associations of cardiovascular risk factors (age, sex,
waist circumference, FPG, total‐to‐HDL cholesterol ratio, 24‐h systolic blood pressure,
and smoking status) with both retinal and skin microvascular function. To compare
regression coefficients between cardiovascular risk factors, continuous measures of
these risk factors were standardized into z‐scores before analyses. Associations of
cardiovascular risk factors were adjusted for each other and for additional covariates
(the use of antihypertensive and lipid‐modifying medication, history of cardiovascular
disease, 24‐h urinary albumin excretion, eGFR, and the presence of retinopathy). In
additional analyses, FPG was substituted by HbA1c, 2‐h postload, or by T2D (yes/no).
Waist circumference was substituted by body mass index, and 24‐h systolic blood
pressure by 24‐h diastolic blood pressure, 24‐h mean arterial pressure, or 24‐h pulse
pressure.
Data were expressed as standardized regression coefficients and their 95%
confidence intervals (95%CI). A P‐value <0.05 was considered statistically significant. The
study, by design, oversampled individuals with T2D; we therefore investigated potential
interactions between cardiovascular risk factors and T2D by adding interaction terms
(the product of a cardiovascular risk factor and T2D) to the regression models. Similarly,
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interactions between the cardiovascular risk factors and sex were investigated (the
product of a cardiovascular risk factor and sex). A Pinteraction<0.10 was considered
statistically significant. A Pinteraction≥0.10 indicates that the association between a
cardiovascular risk factor and retinal or skin microvascular function does not statistically
significantly differ between individuals without and with T2D, or between women and
men, respectively26. A non‐significant Pinteraction between a cardiovascular risk factor and
T2D therefore indicates that the association between that cardiovascular risk factor and
retinal or skin microvascular function was not driven by the oversampling of individuals
with T2D. This implies that the association observed in this T2D‐enriched population can
be considered valid for a non‐oversampled population, i.e. the general population26.
Collinearity diagnostics (i.e. tolerance <0.10 and/or variance inflation factor >10) were
used to detect multicollinearity between the cardiovascular risk factors and covariates.

Results
Study population
From the initial 3451 participants, retinal arteriolar reactivity data were available in
2290. The reasons for missing data were logistical (n=891), insufficient measurement
quality (n=209), or contraindications (n=61). Data on cardiovascular risk factors were
missing in 299 participants, particularly on 24‐h blood pressure (n=260), mainly due to
device availability. The population in which retinal arteriolar reactivity data were
available thus consisted of 1991 participants. Heat‐induced skin hyperemia data were
available in 1676 of the 3451 participants. The reasons for missing data were logistical
(n=1662) or insufficient measurement quality (n=113). Cardiovascular risk factors were
missing in 249 participants, mainly due to missing 24‐h blood pressure values (n=201).
The population in which heat‐induced skin hyperemia data were available thus consisted
of 1427 participants (Figure 4.1 shows the flow chart).
Table 4.1 shows general characteristics of the retinal arteriolar reactivity study
population stratified into tertiles of retinal arteriolar %‐dilation. This study population
had a mean ± standard deviation (SD) age of 59.7±8.2 years, 48.8% were women, 12.1%
were current smokers, and 27.4% had T2D. In addition, when compared to individuals in
the lowest tertile of retinal arteriolar %‐dilation, those in the middle and highest tertiles
were on average younger and had lower fasting and 2‐h postload glucose levels
(Table 4.1). The skin study population overlapped for 73% with the retinal study
population, and was comparable with regard to age, sex, and cardiometabolic risk profile
(Table 4.1).
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Figure 4.1

Population with skin
measurements (n=1676)

Skin study population
(n=1427)

Population with retinal
measurements (n=2290)

Retinal study population
(n=1991)

Missing on cardiovascular risk
factor§
24‐h blood pressure (n=201)
Smoking status (n=48)
Cholesterol level (n=2)

Missing skin measurement
Logistic reasons‡ (n=1662)
Insufficient quality (n=113)

Retinal and skin study population selection.
Logistical reasons: no Dynamic Vessel Analyzer equipment available (n=536), no trained researcher available (n=232), no eye drops given for traffic
safety reasons (n=123); † Contraindicated: history of epilepsy (n=14), allergy to eye drops (n=33), glaucoma or lens implants (n=14); ‡ Logistical reasons:
no laser‐Doppler equipment available (n=354), no trained researcher available (n=271), technical failure (n=1037). § Missing values on cardiovascular
risk factors were not mutually exclusive.
*

Missing on cardiovascular risk
factor§
24‐h blood pressure (n=260)
Smoking status (n=38)
Antihypertensive medication (n=3)
Lipid‐modifying medication (n=3)
Waist circumference (n=2)

Missing retinal measurement
Logistic reasons* (n=891)
Insufficient quality (n=209)
Contraindicated† (n=61)

Population of The Maastricht Study (N=3451)

Cardiovascular risk factors and microvascular function

103

104

388 (58.3)
92 (13.8)
178 (26.8)
7 (1.1)
5.0 [3.0‐10.0]
26.7±4.7
78.4±16.2
171.0±9.0
100.6±12.2
89.2±13.1
101 (15.4)
134.0±18.4
76.2±10.3
119.0±12.4
73.6±7.5
45.4±8.8
88.8±8.5
248/328/89
37.3/49.3/13.4
1.0 [0.0‐17.2]

305 (46.1)
102 (15.4)
242 (36.6)
13 (2.0)
6.0 [3.0‐13.0]
27.4±4.4
80.1±15.5
170.8±8.7
102.6±12.3
89.9±12.2
132 (20.2)
136.7±18.0
75.7±9.8
119.6±11.5
72.8±7.1
46.8±8.9
88.4±7.8
198/386/78
29.9/58.3/11.8
4.6 [0.0‐20.0]

253/337/74
38.1/50.8/11.1
0.7 [0.0‐13.0]

99.9±10.8
88.0±12.2
73 (11.1)
134.3±17.5
76.9±9.6
118.9±10.9
74.1±6.8
44.7±7.7
89.0±7.5

438 (66.0)
98 (14.8)
125 (18.8)
3 (0.5)
6.0 [3.0‐13.0]
26.5±4.2
78.2±15.4
171.4±8.8

152/244/79
32.0/51.4/16.6
4.6 [0.0‐22.2]

101.4±11.9
88.8±12.2
91 (19.4)
136.6±17.4
76.3±9.4
121.8±11.9
74.0±7.1
47.8±9.1
89.9±7.9

216 (45.5)
74 (15.6)
178 (37.5)
7 (1.5)
5.5 [3.0‐10.5]
26.9±4.1
79.7±14.7
171.9±8.5

Retinal study population
Tertile 1 of retinal Tertile 2 of retinal Tertile 3 of retinal Tertile 1 of skin
arteriolar dilation arteriolar dilation arteriolar dilation hyperemia (lowest)
(lowest) n=662
n=665
(highest) n=664
n=475
‐4.8 to 1.3
1.3 to 4.0
4.0 to 15.2
‐
‐
‐
‐
20.8 to 725.8
61.5±7.6
59.4±8.3
58.3±8.4
61.3±7.7
289 (43.7)
345 (51.9)
337 (50.8)
164 (34.5)
234 (84.5)
256 (79.0)
236 (72.0)
126 (84.0)
6 (0.9)
6 (0.9)
5 (0.8)
2 (0.4)

137/286/53
28.8/60.1/11.1
6.0 [0.0‐22.5]

101.7±11.7
90.6±12.6
86 (18.4)
136.0±18.6
76.4±9.8
120.0±11.9
73.5±7.0
46.6±9.0
89.0±7.9

249 (52.3)
70 (14.7)
146 (30.7)
11 (2.3)
7.0 [3.0‐13.0]
27.2±4.4
80.3±15.4
171.5±8.7

180/251/45
37.8/52.7/9.5
1.3 [0.0‐14.0]

99.2±11.1
90.4±13.3
72 (15.3)
134.6±18.4
76.7±9.8
117.5±10.8
73.4±6.5
44.1±8.1
88.1±7.2

298 (62.6)
78 (16.4)
96 (20.2)
4 (0.8)
6.0 [3.0‐10.0]
26.7±4.6
77.2±14.7
169.9±8.7

Skin study population
Tertile 2 of skin
Tertile 3 of skin
hyperemia
hyperemia (highest)
n=476
n=476
‐
‐
725.9 to 1286.6
1286.6 to 6763.6
60.8±7.9
58.5±8.4
212 (44.5)
298 (62.6)
154 (79.4)
198 (72.5)
4 (0.8)
9 (1.9)

General characteristics of the retinal and skin study populations according to tertiles of retinal arteriolar %‐dilation and skin %‐hyperemia

Characteristic
Range of retinal arteriolar %‐dilation
Range of skin %‐hyperemia
Age (years)
Women
‐ Postmenopausal
‐ Hormone replacement therapy
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
‐ Other types of diabetes
Type 2 diabetes duration (years)
Body mass index (kg/m2)
Weight (kg)
Height (cm)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Pack‐years of smoking

Table 4.1
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143 (21.5)
37 (5.6)
131 (19.7)
88.5±14.4
25 (3.8)
42 (6.4)
10 (1.6)
115.3±15.5
2.6±0.8
2.6 [1.9‐3.3]
‐
‐
‐

205 (31.0)
71 (10.7)
180 (27.2)
86.7±15.8
45 (6.8)
78 (11.8)
20 (3.1)
119.4±15.0
0.2±0.9
0.4 [‐0.2‐0.8]
‐
‐
‐

‐
‐

6.3±1.8
5.9 [4.9‐7.2]
‐

98 (14.8)
24 (3.6)
87 (13.1)
89.5±13.5
15 (2.3)
43 (6.5)
2 (0.3)
111.6±15.2

‐
‐
9.9±4.0

127 (26.7)
41 (8.6)
112 (23.5)
88.0±14.8
19 (4.0)
42 (8.9)
11 (2.6)
‐

‐
‐
7.7±2.6

77 (16.2)
22 (4.6)
67 (14.1)
89.7±13.8
17 (3.6)
25 (5.3)
3 (0.7)
‐

Skin study population
Tertile 2 of skin
Tertile 3 of skin
hyperemia
hyperemia (highest)
n=476
n=476
6.1±1.6
5.8±1.3
8.2±4.2
7.3±4.0
6.0±0.9
5.8±0.8
41.8±9.5
39.9±8.7
3.7±1.2
3.6±1.1
5.2±1.2
5.4±1.2
1.5±0.5
1.6±0.5
3.1±1.1
3.3±1.1
1.5±1.0
1.3±0.8
211 (44.3)
163 (34.2)
202 (42.4)
146 (30.7)

418.2±191.3
992.2±158.9
1976.8±715.6
423.5 [256.1‐586.2] 1002.0 [852.4‐1119.0] 1757.7 [1508.7‐2196.2]

‐
‐
15.5±8.5

147 (30.9)
42 (8.8)
132 (27.8)
87.4±14.7
15 (3.2)
50 (10.6)
7 (1.6)
‐

Retinal study population
Tertile 1 of retinal Tertile 2 of retinal Tertile 3 of retinal Tertile 1 of skin
arteriolar dilation arteriolar dilation arteriolar dilation hyperemia (lowest)
(lowest) n=662
n=665
(highest) n=664
n=475
6.4±2.0
6.0±1.6
5.8±1.3
6.4±1.9
8.6±4.6
7.9±4.2
7.3±3.8
8.8±4.7
6.1±1.1
5.8±0.9
5.7±0.7
6.1±1.1
43.3±11.8
40.3±9.5
38.8±7.9
43.7±11.7
3.5±1.1
3.6±1.2
3.6±1.2
3.8±1.1
5.0±1.2
5.3±1.2
5.4±1.1
5.1±1.1
1.5±0.5
1.6±0.5
1.6±0.5
1.4±0.5
2.9±1.0
3.1±1.0
3.2±1.0
2.9±1.0
1.5±0.8
1.5±0.9
1.3±0.7
1.5±0.8
305 (46.1)
257 (38.6)
198 (29.8)
219 (46.1)
309 (46.7)
221 (33.2)
176 (26.5)
209 (44.0)

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. SBP, systolic blood pressure; DBP, diastolic blood pressure;
PP, pulse pressure; MAP, mean arterial pressure; HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated
glomerular filtration rate; MU, measurement units; PU, perfusion units; SD, standard deviation. * (Micro)albuminuria was defined as a urinary albumin excretion of
>30 mg per 24 hours.

Characteristic
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria*
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median (interquartile range)
Baseline skin blood flow (PU)
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median (interquartile range)

Table 4.1
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Individuals with missing data on retinal or skin reactivity measurements or
measurements of cardiovascular risk factors were generally comparable to individuals
included in the study populations with regard to age, sex, and cardiometabolic risk
profile (Supplemental Tables S4.1 and S4.2).

Age, sex and retinal arteriolar dilation and skin hyperemia
Age was inversely associated with retinal arteriolar %‐dilation and skin %‐hyperemia; per
SD higher age (8.2 years), retinal arteriolar %‐dilation was ‐0.11SD (95%CI: ‐0.15; ‐0.06,
P<0.001) lower, and skin %‐hyperemia was ‐0.10SD (‐0.16; ‐0.05, P<0.001) lower. Sex
was not associated with retinal arteriolar %‐dilation, whereas men had a ‐0.43SD
(‐0.58; ‐0.27, P<0.001) lower skin %‐hyperemic response as compared to women
(Figure 4.2). Moreover, the inverse association between age and skin %‐hyperemia was
stronger in men (‐0.21SD (‐0.29; ‐0.13), P<0.001) than in women (‐0.02SD (‐0.10; 0.06),
P=0.646) (Pinteraction=0.002, Figure 4.3). Additional adjustment for postmenopausal status
and/or hormone replacement therapy in women did not materially change these
associations (data not shown).

Glycemia and retinal arteriolar dilation and skin hyperemia
FPG (as a measure of short‐term hyperglycemia) was inversely associated with retinal
arteriolar %‐dilation and skin %‐hyperemia; per SD higher FPG (1.7 mmol/l), retinal
arteriolar %‐dilation was ‐0.12SD (95%CI: ‐0.17; ‐0.07, P<0.001) lower, and skin
%‐hyperemia was ‐0.11SD (‐0.17; ‐0.06, P<0.001) lower (Figure 4.2). In addition, HbA1c
(as a measure of long‐term hyperglycemia, substituted for FPG) was inversely associated
with retinal arteriolar %‐dilation and skin %‐hyperemia; per SD higher HbA1c
(0.9 mmol/l), retinal arteriolar %‐dilation was ‐0.14SD (95%CI: ‐0.19; ‐0.08, P<0.001)
lower, and skin %‐hyperemia was ‐0.12SD (‐0.18; ‐0.06, P<0.001) lower.

Smoking and retinal arteriolar dilation and skin hyperemia
Current smoking (versus never smoking) was not associated with retinal arteriolar
%‐dilation, whereas it was associated with ‐0.32SD (‐0.49; ‐0.15, P<0.001) lower skin
%‐hyperemia (Figure 4.2). Former smoking (versus never smoking) was not associated
with retinal arteriolar %‐dilation and skin %‐hyperemia.
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Figure 4.2

Associations of cardiovascular risk factors with retinal arteriolar %‐dilation and skin %‐hyperemia.
Point estimates (standardized beta) and 95%CIs represent the difference (in SD) in retinal
arteriolar %‐dilation (black dots) and skin %‐hyperemia (grey diamonds) per SD increase in the
cardiovascular risk factor, men versus women, current smoker versus never smoker, or the use
of antihypertensive or lipid‐modifying medication versus no use. All associations were adjusted
for the other risk factors with multivariate regression. Associations of sex were additionally
*
adjusted for height. P<0.05. SD, standard deviation; CI, confidence interval; HDL, high‐density
lipoprotein.

Blood pressure and retinal arteriolar dilation and skin hyperemia
24‐h systolic blood pressure was not associated with retinal arteriolar %‐dilation or skin
%‐hyperemia (Figure 4.2). However, 24‐h diastolic blood pressure (substituted for 24‐h
systolic blood pressure) was associated with retinal arteriolar %‐dilation; per SD higher
24‐h diastolic blood pressure (7.2 mmHg), retinal arteriolar %‐dilation was 0.05SD
(0.00; 0.10, P=0.040) greater. 24‐h diastolic blood pressure was not associated with skin
%‐hyperemia. In addition, 24‐h pulse pressure (substituted for 24‐h systolic blood
pressure and additionally corrected for 24‐h mean arterial pressure) was not associated
with retinal arteriolar %‐dilation, but was inversely associated with skin %‐hyperemia.
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Per SD higher 24‐h pulse pressure (8.9 mmHg), skin %‐hyperemia was ‐0.08SD
(‐0.14; ‐0.01, P=0.017) lower. In addition, use of antihypertensive medication was
associated with numerically lower retinal arteriolar %‐dilation (‐0.09SD (‐0.20; 0.02),
P=0.099) and skin %‐hyperemia (‐0.05SD (‐0.17; 0.07), P=0.396).

Figure 4.3

Association between age and skin %‐hyperemia according to sex.
Regression coefficients (B) indicate the adjusted mean difference and 95% confidence interval
(95%CI) in skin %‐hyperemia per 1 year increase in age for men (blue line) and women (red line)
(Pinteraction=0.002).

Waist, total‐to‐HDL cholesterol, and lipid‐modifying medication use and
retinal arteriolar dilation and skin hyperemia
No significant associations were observed of waist circumference and total‐to‐HDL
cholesterol ratio with retinal arteriolar %‐dilation or skin %‐hyperemia. The use of lipid‐
modifying medication was associated with numerically lower retinal arteriolar %‐dilation
(‐0.11SD (‐0.22; 0.01), P=0.072) (Figure 4.2).

Additional analyses
Qualitatively similar associations of cardiovascular risk factors with retinal arteriolar
%‐dilation and skin %‐hyperemia were observed in a range of additional analyses. First,
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when flicker light‐induced increase (in MU) in retinal arteriolar diameter from baseline
or heat‐induced increase in skin blood flow (in PU) from skin baseline were used rather
than their percentages (data not shown). Second, when waist circumference was
replaced by body mass index. Third, when FPG was substituted by 2‐h postload glucose
or by T2D (yes/no). Fourth, when smoking status (never, former, current) was replaced
by pack‐years of smoking (for retinal and skin analyses, data on pack‐years of smoking
were available in n=1672 and n=1231 individuals, respectively); pack‐years of smoking
was inversely associated with skin %‐hyperemia ‐0.07 SD (‐0.12; ‐0.01, P=0.020). No
association was found between pack‐years of smoking and retinal arteriolar %‐dilation
(data not shown). Fifth, after additional adjustment for glucose‐lowering medication
(although this may be an overadjustment as the use of glucose‐lowering medication was
part of the definition of T2D (78% of individuals with T2D used glucose‐lowering
medication)). Sixth, after additional adjustment for history of cardiovascular disease,
eGFR, urinary albumin excretion, and the presence of retinopathy (data not shown, for
retinal and skin analyses, data on these additional covariates were available in n=1884
and n=1254 individuals, respectively). Seventh, when antihypertensive medication was
further specified into renin‐angiotensin‐aldosterone system (RAAS)‐inhibiting (with or
without other types of antihypertensives) and non‐RAAS‐inhibiting antihypertensives
only (data not shown). RAAS‐inhibiting antihypertensives included angiotensin‐
converting‐enzyme inhibitors, angiotensin receptor blockers, and renin blockers. Eight,
when individuals with other types of diabetes than T2D were excluded (for retinal and
skin analyses, n=23 and n=22 individuals with other types of diabetes were excluded,
respectively). Next, associations of cardiovascular risk factors with retinal arteriolar
%‐dilation and skin %‐hyperemia did not differ between individuals with and without
T2D, or between women and men (all Pinteractions>0.10), except as noted above, for the
significant interaction, with sex, of the association between age and heat‐induced skin
hyperemia (Figure 4.3). Last, collinearity diagnostics revealed no multicollinearity in any
of the analyses (i.e. all tolerance values ≥0.10 and variance inflation factors ≤10).

Discussion
To our knowledge this is the first population‐based study which demonstrated that
associations between cardiovascular risk factors and retinal and skin microvascular
endothelial function show a pattern that is in part similar to the associations of
cardiovascular risk factors and macrovascular function14,16. Thus, older age and
measures of hyperglycemia were associated with an impaired retinal and skin
microvascular endothelium‐dependent vasodilation response, independent of other
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cardiovascular risk factors. In addition, male sex and cigarette smoking were associated
with impaired heat‐induced skin hyperemia. In contrast to associations of obesity, blood
pressure, and lipid profile with macrovascular endothelial function16, we could not
confirm waist circumference, body mass index, 24‐h systolic blood pressure, and total‐
to‐HDL cholesterol ratio as determinants of microvascular function. However, (inverse)
associations of antihypertensive and lipid‐modifying medication use with retinal and skin
microvascular function could not be excluded (Figure 4.2). Such associations may imply
that previous exposure to elevated blood pressure and dyslipidemia may affect
microvascular function more than actual blood pressure and lipid profile. This would also
explain why no associations of 24‐h systolic blood pressure and total‐to‐HDL cholesterol
ratio with microvascular function were found.
An important mechanism by which cardiovascular risk factors affect large‐artery
endothelial vasodilation is by impairing nitric oxide bioavailability27, possibly in
conjunction with adverse effects on other endothelium‐dependent vasodilators
(e.g. endothelium‐derived hyperpolarizing factors)28. Similar mechanisms may apply to
microvascular function, as microvascular vasodilation also depends on availability of
endothelium‐dependent vasodilators29,30. Therefore, risk factor‐associated impairments
in flicker light‐induced retinal arteriolar dilation and heat‐induced skin hyperemia are
both likely to be a reflection of microvascular endothelial dysfunction29,30, possibly in
conjunction with vascular smooth muscle cell dysfunction31,32, and/or neuronal
dysfunction33,34. In addition, both measures of microvascular endothelial function have
good reproducibility with intra‐individual coefficients of variation of 0.91% for flicker
light‐induced retinal arteriolar dilation23 and 8.7% for heat‐induced skin hyperemia22.
Associations between risk factors and microvascular responses were generally similar
regardless of whether the microvascular response was obtained in retina or skin, with
two exceptions. First, no difference was found between men and women in retinal
arteriolar dilation, whereas heat‐induced skin hyperemia was less in men than in
women. This is in line with an earlier study which showed that sex differences in retinal
arteriolar dilation (i.e. greater in men) were present in young individuals, but diminished
after the age of 30 years35. This may explain why, in our study with an age span of
40‐75 years, no difference was found. Greater retinal arteriolar dilation in younger men,
as compared to age‐matched women35, contrasts with the beneficial effect of female sex
hormones on ocular and skin blood flow13,36. However, the retinal arteriolar dilation
response depends on neurovascular coupling37, and sex differences thus may also be
influenced by the effects of sex hormones on neurons and astrocytes in the
neurovascular coupling unit38. Second, retinal arteriolar dilation decreased with age in
both men and women, whereas heat‐induced skin hyperemia decreased with age only in
men (Figure 4.3), which is consistent with an earlier report on macrovascular endothelial
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function39. Thus, heat‐induced skin hyperemia, as compared to retinal arteriolar dilation,
may be protected more by the higher levels of estrogens in women than in men35,40,41.
Age was inversely associated with retinal arteriolar and skin microvascular
endothelial dysfunction, which is in line with earlier smaller studies8,13, and is likely
caused by reduced nitric oxide bioavailability42. In turn, hyperglycemia may impair
microvascular endothelial function through intraendothelial accumulation of glucose,
increased oxidative stress, and formation of advanced glycation end products43.
In addition, microvascular endothelial dysfunction can cause hyperglycemia by impairing
the timely access of glucose and insulin to their target tissue44 and by impairing insulin
secretion45.
We hypothesized, but did not find, higher blood pressures to be consistently
associated with impaired microvascular function8,11,13, especially in the retina, which is
known to be sensitive to greater flow pulsatility associated with higher blood pressure
and arterial stiffening46. A potential explanation is that, in this relatively healthy and
well‐treated population, the blood pressure range was insufficiently broad for such
associations to appear, except that 24‐h pulse pressure was inversely associated with
heat‐induced skin hyperemia. Interestingly, use of antihypertensive medication was
associated with numerically lower microvascular function, suggesting that prior exposure
to high blood pressure may be important.
Current, but not former smoking was associated with impaired heat‐induced skin
hyperemia, which suggests that effects of smoking may be reversible. These findings are
in line with an earlier report on the detrimental effect of smoking on acetylcholine‐
induced skin hyperemia10. Mechanistically, smoking may induce microvascular
dysfunction via increased formation of reactive oxygen species and/or inhibition of nitric
oxide synthase activity47. As demonstrated previously48, we also did not observe a clear
association of smoking with impaired retinal arteriolar dilation. Possibly, smoking affects
smaller arterioles and capillaries (such as those involved in heat‐induced skin hyperemia)
more than the relatively large retinal arterioles we assessed48.
We hypothesized7,44, but did not find, higher waist circumference and body mass
index to be associated with impaired microvascular function as assessed here.
Importantly, these findings do not imply that other functions of the microcirculation are
normal in overweight or obese individuals. Indeed, earlier reports have shown waist and
body mass index to be inversely associated with microvascular vasomotion,49
post‐occlusive reactive hyperemia,50 and insulin‐mediated vasodilation,44 mediated
presumably by changes in visceral and perivascular51 adipose tissue‐derived factors, such
as increased tumor necrosis factor‐α and free fatty acids, and decreased adiponectin44.
We expected9,52, but did not find, inverse associations between total‐to‐HDL
cholesterol ratio and retinal and skin microvascular function as assessed here.
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Mechanistically, dyslipidemia may impair microvascular vasodilation via oxidative
modifications of low‐density lipoprotein cholesterol, which may cause reduced nitric
oxide bioavailability, possibly in conjunction with increased expression of endothelin‐152.
Interestingly, use of lipid‐modifying medication was associated with numerically lower
retinal arteriolar dilation, suggesting that prior exposure to dyslipidemia may be
important.
Strengths of our study include its size and population‐based design; the extensive
assessment of potential determinants, including 24‐h ambulatory blood pressure; 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 also had limitations. First, the data were cross‐sectional. Reverse causality
obviously is not an issue for associations with age and sex, but may be especially
relevant for hyperglycemia and blood pressure53. Therefore, longitudinal studies are
needed. Second, we mainly focused on major cardiovascular risk factors as potential
determinants; however, we do not claim to have identified all determinants, as there
may be others not included in these analyses (e.g. dietary habits and physical activity).
Last, the associations observed do not imply that other estimates of microvascular
function, or retinal and skin microvascular responses elicited via different stimuli, such as
exercise, insulin, or ischemia, relate similarly to cardiovascular risk factors, as compared
to flicker light‐induced retinal arteriolar dilation and heat‐induced skin hyperemia.
This population‐based study demonstrated that associations between cardiovascular
risk factors and retinal and skin microvascular endothelial function show a pattern that is
in part similar to the associations between cardiovascular risk factors and macrovascular
endothelial function. Thus, age and measures of hyperglycemia were inversely
associated with retinal and skin microvascular endothelium‐dependent vasodilation.
In addition, male sex and cigarette smoking were associated with impaired heat‐induced
skin hyperemia. All associations were independent of the other cardiovascular risk
factors. We could not confirm waist circumference, body mass index, 24‐h systolic blood
pressure, and total‐to‐HDL cholesterol ratio as determinants of these microvascular
functions. Possibly, prior exposure to high blood pressure and/or dyslipidemia is
important as use of antihypertensive and/or lipid‐modifying medication was associated
with numerically lower microvascular function. We conclude that impairment of
microvascular function may constitute a pathway through which an adverse
cardiovascular risk factor pattern may increase risk of diseases, such as heart failure,
stroke, and cognitive decline, that in part have a microvascular origin.
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Supplemental Material to chapter 4
Supplemental Methods
Assessment of retinal and skin microvascular function
Retinal arteriolar dilation response1
For retinal measurements pupils were dilated with 0.5% tropicamide and 2.5%
phenylephrine at least 15 minutes prior to the start of the examination. The retinal
arteriolar dilation response to flicker light was measured in a dimly lit room by use of the
Dynamic Vessel Analyzer (DVA) (Imedos, Jena, Germany). For safety reasons, participants
with an intraocular pressure exceeding 30 mmHg were excluded from retinal
measurements. Per participant, we randomly measured the left or right eye.
During the measurement, the participant was instructed and encouraged to focus on
the tip of a fixated needle inside the retinal camera (FF450; Carl Zeiss GmbH, Jena,
Germany), while the fundus of the eye was examined under green measuring light
(530‐600 nm, illumination of fundus approximately 6500 lux). A straight arteriolar
segment of approximately 1.5 mm in length located 0.5 to 2.0 disc diameter from the
margin of the optic disc in the temporal section was examined. When the specific vessel
profile was recognized, vessel diameter was automatically and continuously measured
for 150 seconds. A baseline recording of 50 seconds was followed by a 40‐second flicker
light exposure period (flicker frequency 12.5 Hz, bright‐to‐dark contrast ratio 25:1)
followed by a 60‐second recovery period. The DVA automatically corrected for
alterations in luminance caused by, for example, slight eye movements. During blinks
and small eye movements, the registration stopped and restarted once the vessel
segment was automatically re‐identified.
The integrated DVA software (version 4.51, Imedos) automatically calculated
baseline diameter and percentage dilation. Baseline diameter was calculated as the
average diameter size of the 20‐50 seconds recording and was expressed in
measurement units (MU), where 1 MU is equal to 1 µm of the Gullstrand eye2.
Percentage dilation over baseline was based on the average dilation achieved at time
points 10 and 40 seconds during the flicker stimulation period. The purpose of taking the
average dilation was to account for inter‐individual variation in the curve shape during
dilation.
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Skin hyperemic response1
Skin blood flow measurements were performed in a climate‐controlled 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, Järfälla,
Sweden), equipped with a thermostatic laser‐Doppler probe (PF457) at the dorsal side of
the wrist of the left hand3. The laser‐Doppler output was recorded for 25 minutes with a
sample rate of 32 Hz, which gives semi‐quantitative assessment of skin blood flow
expressed in arbitrary perfusion units (PU). Skin blood flow was first recorded 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. The heat‐induced skin hyperemic response was expressed as the
percentage increase in average PU during the 23 minutes heating phase over the
average baseline PU.

Details on the assessment of cardiovascular risk factors
Glucose metabolism status
To assess glucose metabolism status, all participants (except those who used insulin)
underwent a standardized 2‐h 75 gram oral glucose tolerance test (OGTT) after an
overnight fast. For safety reasons, participants with a fasting glucose level above
11.0 mmol/l, as determined by a finger 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 normal glucose metabolism,
impaired fasting glucose, impaired glucose tolerance (combined as prediabetes), or type
2 diabetes. Additionally, individuals without type 1 diabetes and no diabetes medication
were considered as having type 2 diabetes4.
Measures of glycemia
Venous fasting and postload plasma glucose levels were measured by the enzymatic
hexokinase method on two automatic analyzers (i.e. the Beckman Synchron LX20
(Beckman Coulter Inc., USA) for samples obtained between November 2010 and April
2012, and the Roche Cobas 6000 (Roche Diagnostics, Mannheim, Germany) for
samples obtained thereafter). Glycated hemoglobin A1c (HbA1c) was determined by
ion‐exchange high‐performance liquid chromatography4.
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Measures of blood pressure
Participants underwent 24‐h blood pressure monitoring (WatchBP03, Microlife AG,
Widnau, Switzerland) with an appropriate‐sized cuff placed around their non‐dominant
arm4. The device was programmed to take blood pressure readings every 15 minutes
during daytime (8 a.m. – 11 p.m.) and every 30 minutes during the night
(11 p.m. – 8 a.m.). According to recommendations of the British Hypertension society5,
mean 24‐h blood pressure measurements were calculated only if there were more than
14 valid blood pressure measurements during daytime and more than 7 valid
measurements during nighttime. 24‐h mean arterial pressure was calculated as
24‐h diastolic blood pressure + (1/3 * (24‐h systolic blood pressure – 24‐h diastolic blood
pressure)). 24‐h pulse pressure was calculated as 24‐h systolic blood pressure – 24‐h
diastolic blood pressure. The use of antihypertensive medication was assessed during a
medication interview where generic name, dose, and frequency were registered4.
Measures of lipid profile
Serum concentrations of total cholesterol, high‐density lipoprotein (HDL) cholesterol,
and triglycerides were measured using an automatic analyzer (Beckman Synchron LX20,
Beckman Coulter Inc. Brea, USA). The use of lipid‐modifying medication was assessed
during a medication interview where generic name, dose, and frequency were
registered4.

Details on the assessment of covariates
We measured height, weight, office blood pressure, serum creatinine and cystatin C6,
and 24‐h urinary albumin excretion (twice) as described previously4. Body mass index
was calculated as weight (kg) divided by height (m2). Estimated glomerular filtration rate
(eGFR; in ml/min/1.73m2) was calculated with the Chronic Kidney Disease Epidemiology
Collaboration (CDK‐epi) equation based on both serum creatinine and serum
cystatin C11. The presence of retinopathy was based on fundus photographs taken with
an auto fundus camera (Model AFC‐230, Nidek, Gamagori, Japan). History of
cardiovascular disease was assessed by web‐based questionnaires and was defined as a
history of myocardial infarction, stroke, or vascular surgery (including angioplasty) of
coronary, carotid, abdominal aortic, or peripheral arteries4.
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Statistical analysis
Differences in general characteristics among individuals in the study populations and
individuals excluded due to missing values were compared by Analyses of Variance
(ANOVA) for continuous variables and χ2‐test for categorical variables.
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699/1051/241
35.1/52.8/12.1
1.8 [0.0‐16.5]
6.1±1.7
7.9±4.2
5.9±0.9
40.8±10.1

101.1±11.8
89.0±12.5
306 (15.6)
135.0±18.0
76.3±9.9
119.1±11.6
73.5±7.2
45.6±8.5
88.7±7.9

1131 (56.8)
292 (14.7)
545 (27.4)
23 (1.2)
6.0 [3.0‐12.0]
26.9±4.4
78.9±15.7
171.1±8.8

Retinal reactivity study
population (n=1991)
59.7±8.2
971 (48.8)
726 (78.1)
17 (1.8)

319
0
149
3
3

2
2
0
0
0
0
0

167
1
0
1
0

Missings in retinal reactivity
study population*
0
0
42
0
0

471/698/228
33.7/50.0/16.3
3.9 [0.0‐20.0]
6.2±1.9
7.9±4.3
6.0±1.0
42.1±10.5

102.1±12.5
91.4±13.5
252 (18.3)
135.2±18.5
76.0±9.8
119.0±12.3
73.5±7.2
45.5±9.1
88.6±8.1

793 (54.3)
219 (15.0)
430 (29.5)
18 (1.2)
7.0 [3.0‐12.0]
27.4±4.7
80.3±15.8
171.0±9.1

Excluded due to missing
values (n=1460)
59.8±8.3
705 (48.3)
482 (77.0)
18 (1.2)

235
1
143
10
10

0
0
404
404
404
404
63

144
2
2
2
4

Missings in population excluded
due to missing values†
0
0
79
4
0

General characteristics of the retinal reactivity study population and individuals excluded from the analyses due to missing values

Characteristic
Age (years)
Women
‐ Postmenopausal
‐ Hormone replacement therapy
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
‐ Other types of diabetes
Type 2 diabetes duration (years)
Body mass index (kg/m2)
Weight (kg)
Height (cm)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Pack‐years of smoking
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)

Table S4.1

0.003
0.051
0.818
<0.001
<0.001

0.092
<0.001
0.040
0.756
0.337
0.669
0.923
0.617
0.788
0.002

0.307
0.001
0.012
0.906

P‐value
0.858
0.780
0.593
0.269
0.506
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(continued)
Missings in retinal reactivity
study population*
0
0
0
0
0
0
0
0
0
0
13
13
12
56
0
0
0

Retinal reactivity study
population (n=1991)
3.6±1.1
5.2±1.2
1.6±0.5
3.1±1.0
1.4±0.8
760 (38.2)
706 (35.5)
446 (22.4)
132 (6.6)
398 (20.0)
88.2±14.6
85 (4.3)
163 (8.2)
32 (1.7)
115.4±15.6
3.0±2.8
2.6 [0.8‐4.9]

4
4
4
20
20
30
538
1161
1161
1161

2.9±2.7§
2.5 [0.8‐4.9]§

Missings in population excluded
due to missing values†
4
4
4
4
4
4
4

360 (24.7)
125 (8.6)
318 (21.8)
88.0±15.4
62 (4.3)
136 (9.5)
14 (1.5)
115.8±16.2§

Excluded due to missing
values (n=1460)
3.8±1.2
5.2±1.1
1.5±0.5
3.1±1.0
1.4±0.9
618 (42.4)
542 (37.2)

0.526
0.526

0.111
0.031
0.186
0.664
0.991
0.194
0.788
0.670

P‐value
<0.001
0.196
<0.001
0.412
0.295
0.011
0.287

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. P‐value indicates comparison between study population and
individuals excluded due to missing values. SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP, mean arterial
pressure; HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated glomerular filtration rate; MU, measurement
units. * Total number of missing values for a specific variable in the retinal reactivity study population, † Total number of missing values for a specific variable in the
population which was excluded, ‡ (Micro)albuminuria was defined as a urinary albumin excretion of >30 mg per 24 hours, § 299 were excluded due to missing on
potential cardiovascular risk factors.

Characteristic
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria‡
Retinopathy
Baseline arteriolar diameter (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median (interquartile range)

Table S4.1
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469/781/177
32.9/54.7/12.4
1.7 [0.0‐17.0]
6.1±1.6

101.0±11.6
90.1±12.8
249 (17.7)
135.8±18.2
76.5±9.6
119.8±11.7
73.6±6.9
46.2±8.9
89.0±7.7

763 (53.5)
222 (15.6)
420 (29.4)
22 (1.5)
6.0 [3.0‐11.0]
26.9±4.4
79.1±15.0
171.1±8.7

Skin hyperemia
study population
(n=1427)
60.2±8.1
674 (47.2)
478 (77.5)
15 (2.2)

196
0

19
1
1
0
0
0
0
0

119
1
0
1
0

Missings in skin
hyperemia study
population*
0
0
57
0
0

701/968/292
35.7/49.4/14.9
4.4 [0.0‐20.0]
6.1±1.9

101.9±12.4
90.0±13.2
309 (16.0)
134.6±18.2
75.9±10.0
118.5±11.9
73.4±7.4
45.1±8.6
88.4±8.2

1161 (57.4)
289 (14.3)
555 (27.4)
19 (0.9)
7.0 [3.0‐13.0]
27.2±4.7
79.8±16.2
171.0±9.1

Excluded due to
missing values
(n=2024)
59.5±8.4
1002 (49.5)
730 (77.8)
20 (2.0)

358
1

89
1
1
404
404
404
404
61

192
2
2
2
4

Missings in population
excluded due to
missing values†
0
0
64
4
0

General characteristics of the skin hyperemia study population and individuals excluded from the analyses due to missing values

Characteristic
Age (years)
Women
‐ Postmenopausal
‐ Hormone replacement therapy
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
‐ Other types of diabetes
Type 2 diabetes duration (years)
Body mass index (kg/m2)
Weight (kg)
Height (cm)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Ambulatory 24‐h PP (mmHg)
Ambulatory 24‐h MAP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Pack‐years of smoking
Fasting glucose (mmol/l)

Table S4.2

0.007
0.890

0.134
0.874
0.189
0.056
0.116
0.002
0.322
0.001
0.034
0.006

0.104
0.088
0.186
0.683

P‐value
0.010
0.188
0.870
0.860
0.073
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(continued)
Missings in skin
hyperemia study
population*
116
1
1
0
0
0
0
0
0
0
0
0
0
11
11
7
140
0
0
0

Skin hyperemia
study population
(n=1427)
8.1±4.4
6.0±0.9
41.8±10.1
3.7±1.1
5.2±1.2
1.5±0.5
3.1±1.1
1.4±0.9
593 (41.6)
557 (39.0)
351 (24.6)
105 (7.4)
311 (21.8)
88.3±14.5
51 (3.6)
117 (8.2)
21 (1.6)
11.1±6.5
1129.5±778.2
1002.6 [587.2‐1508.9]

4
4
4
22
22
35
454
1775
1775
1775

1069.4±713.0§
915.0 [560.6‐1415.4]§

Missings in population
excluded due to
missing values†
176
12
12
4
4
4
4
4
4
4
455 (22.5)
152 (7.5)
405 (20.0)
88.0±15.3
96 (4.8)
182 (9.2)
25 (1.6)
11.2±5.6§

Excluded due to
missing values
(n=2024)
7.8±4.2
5.9±1.0
41.1±10.4
3.7±1.2
5.2±1.1
1.5±0.5
3.1±1.0
1.4±0.8
785 (38.9)
691 (34.2)

0.255
0.255

0.157
0.854
0.214
0.455
0.090
0.354
0.934
0.724

P‐value
0.030
0.053
0.050
0.623
0.644
0.454
0.407
0.302
0.112
0.004

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. P‐value indicates comparison between study population and
individuals excluded due to missing values. SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP, mean arterial
pressure; HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated glomerular filtration rate; PU, perfusion units.
*
Total number of missing values for a specific variable in the skin hyperemia study population, † Total number of missing values for a specific variable in the population
which was excluded, ‡ (Micro)albuminuria was defined as a urinary albumin excretion of >30 mg per 24 hours, § 249 were excluded due to missing on potential
cardiovascular risk factors.

Characteristic
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria‡
Retinopathy
Baseline skin blood flow (PU)
Skin hyperemic response (%)
‐ Mean ± SD
‐ Median (interquartile range)

Table S4.2
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Abstract
Objective
Low levels of physical activity and high levels of sedentary time are associated with macrovascular
diseases and act in part through inducing large‐artery endothelial dysfunction. We investigated
whether low levels of physical activity and high levels of sedentary time also associate with
microvascular endothelial function.
Methods
In The Maastricht Study, a population‐based cohort study enriched with type 2 diabetes (T2D)
(n=1298, 47.3% women, aged 60.2±8.1 years, 29.5% T2D), we determined microvascular function
as heat‐induced skin hyperemia and flicker light‐induced retinal arteriolar %‐dilation. Physical
activity and sedentary time were assessed by an accelerometer worn 24 hours a day for
8 consecutive days. Multivariable linear regression analyses were used to examine associations of
total and higher‐intensity physical activity and total sedentary time with skin and retinal
microvascular function adjusted for major cardiovascular risk factors. In addition, we investigated
whether associations were stronger in T2D.
Results
Associations of total and higher‐intensity physical activity with skin hyperemia were stronger in
individuals with as compared to those without T2D (Pinteractions<0.10). In individuals with T2D, total
and higher‐intensity physical activity were independently associated with greater heat‐induced
skin hyperemia (regression coefficients per hour increase were 10 perfusion units (PU)
(95%CI: 1; 18, P=0.026) and 36 PU (14; 58, P=0.002), respectively). Total and higher‐intensity
physical activity and total sedentary time were not associated with heat‐induced skin hyperemia in
individuals without T2D, or with retinal arteriolar %‐dilation.
Conclusions
Higher levels of total and higher‐intensity physical activity were associated with greater skin
microvascular vasodilation in individuals with, but not in those without T2D. 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 (partly) microvascular
diseases such as heart failure, (lacunar) stroke, depression, cognitive decline, retinopathy, chronic
kidney failure, and neuropathy.
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Introduction
Microvascular dysfunction is an important underlying mechanism in common diseases,
such as heart failure1, (lacunar) stroke2, depression3, cognitive decline4, retinopathy5,
chronic kidney disease6, and neuropathy5, which occur in the general population and
more frequently in individuals with type 2 diabetes (T2D)7. It is therefore important to
identify, in particular modifiable, factors that contribute to the development of
microvascular dysfunction, as these can be targeted in preventive strategies.
Physical activity 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 sitting, watching television, and using the computer8.
Indeed, low levels of physical activity and high levels of sedentary time have been
shown to be associated with macrovascular diseases9 (e.g. stroke, myocardial infarction,
and peripheral arterial disease) and may act through inducing large‐artery endothelial
dysfunction10,11. 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 origin12‐18. 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 physical
activity19‐22, and adverse effects of sedentary behavior19,23‐26, on microvascular function.
However, it is unclear whether daily life habitual physical activity, as compared to
exercise programs20,22, also beneficially affects microvascular function. Earlier studies
were conducted in small numbers of individuals19‐26, which limits translation to the
general population, or were based on self‐reported measures of physical activity and
sedentary behavior27 which are known to be less precise and valid than objective
measures28.
Mechanistically, higher levels of physical activity and lower levels of sedentary time
are thought to increase nitric oxide bioavailability29,30, presumably in conjunction with
beneficial effects on low‐grade inflammation31,32, both of which may improve
microvascular (endothelial) function33. As hyperglycemia has detrimental effects on
nitric oxide bioavailability34 and microvascular (endothelial) function35, the associations
of physical activity and sedentary behavior with microvascular (endothelial) function
may differ between (i.e. may be stronger in) individuals with as compared to those
without T2D.
In view of these considerations, we investigated, in a population‐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 differed
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between individuals with and without T2D. We chose skin and retina for 2 reasons. First,
these sites are easily accessible, enabling direct and reproducible36,37 assessment of
microvascular (endothelial) 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 behavior, with skin potentially showing
stronger associations. This is because skin is important in disseminating exercise‐
produced heat38, whereas retinal blood flow, in contrast, has been shown to be relatively
stable during exercise39,40, presumably to maintain visual performance41.

Methods
Study population and design
We used data from The Maastricht Study, an observational prospective population‐
based cohort study. The rationale and methodology have been described previously42.
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 participants, 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.

Assessment of glucose metabolism status
To assess glucose metabolism status, all participants (except those who used insulin)
underwent a standardized 2‐h 75 gram oral glucose tolerance test (OGTT) after an
overnight fast. For safety reasons, participants with a fasting glucose level above
11.0 mmol/l, as determined by a finger 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 normal glucose metabolism,
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impaired fasting glucose, impaired glucose tolerance (combined as prediabetes), or T2D.
Individuals without type 1 diabetes on glucose‐lowering medication were classified as
having T2D42.

Assessment of microvascular function
All participants were asked to refrain from smoking and drinking caffeine‐containing
beverages three hours before the measurement. 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‐controlled 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, Järfälla,
Sweden), equipped with a thermostatic 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 32 Hz, which gives semi‐quantitative assessment of skin blood flow
expressed in arbitrary perfusion units (PU). Skin blood flow was first recorded 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 work43, heat‐induced skin hyperemia was
expressed not as a percentage of baseline but as perfusion during the 23 minutes
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 Supplemental
Results and Supplemental Table S5.3). To investigate associations of heat‐induced skin
hyperemia independently of associations 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)44,45.
For retinal measurements pupils were dilated with 0.5% tropicamide 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, Jena, Germany). Briefly, a baseline recording of 50 seconds was followed by
40‐second flicker light exposure followed by a 60‐second recovery period. Baseline
diameter was calculated as the average diameter size of the 20‐50 seconds recording
and was expressed in measurement units. As determinants were not associated with
retinal arteriolar baseline diameter (see Supplemental Results and Supplemental Table
S5.4), 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
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during the flicker stimulation period. The measurement has extensively been described
previously43 and more details are provided in the Supplemental Material.

Assessment of physical activity and sedentary behavior
Daily activity levels and patterns were measured using the activPAL3TM physical activity
monitor (PAL technologies, Glasgow, UK) as has been described previously46 and in the
Supplemental 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, standing time was not included.
The method used to determine waking time has been described elsewhere46. Higher‐
intensity physical activity was defined as hours with a step frequency >110 steps/min
during waking time47,48; 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 day46.

Measurement of covariates
History of cardiovascular disease, smoking status (never, former, current), alcohol
consumption, level of education, occupational status, daily energy intake, mobility
limitation, and duration of diabetes were assessed by questionnaire42. Mobility limitation
was obtained from the EuroQol‐5D questionnaire and was defined as having difficulty
walking 500 meter or climbing the stairs in the previous week. Energy intake was
obtained from a food frequency questionnaire and calculated as the mean energy intake
(kcal) per day. Use of antihypertensive, lipid‐modifying, and glucose‐lowering medication
was assessed during a medication interview where generic name, dose, and frequency
were registered49. We measured height, weight, waist circumference, office and
ambulatory 24‐h blood pressure, plasma glucose levels, serum creatinine, 24‐h urinary
albumin excretion (twice), glycated hemoglobin A1c (HbA1c), and plasma lipid profile as
described elsewhere42. Body mass index was calculated as weight (kg) divided by height
(m2). Estimated glomerular filtration rate (eGFR; in ml/min/1.73m2) was calculated with
the Chronic Kidney Disease Epidemiology Collaboration (CDK‐epi) equation based on
both serum creatinine and serum cystatin C50. The presence of retinopathy was based on
fundus photographs taken with an auto fundus camera (Model AFC‐230, Nidek,
Gamagori, Japan).
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Statistical analysis
All analyses were performed with Statistical Package for Social Sciences version 23.0
(IBM SPSS, Armonk, USA). Multivariable linear regression analyses were used to
investigate the associations of total physical activity (h/day), higher‐intensity physical
activity (h/day), and total sedentary time (h/day) with baseline skin blood flow, baseline
retinal 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 possibility 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) cholesterol ratio, triglycerides, smoking status,
alcohol consumption, the use of antihypertensive‐ and/or lipid‐modifying medication,
and history of cardiovascular disease. 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 intervals (95%CI).
The Maastricht Study by design oversampled individuals with T2D, and we therefore
were able to investigate potential interactions between 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 associations differed by
sex, interactions between total physical activity, higher‐intensity physical activity, and
total sedentary time with sex were investigated. In these analyses, interaction terms
were the product of total physical activity, higher‐intensity physical activity, or total
sedentary time and T2D or sex, respectively.
Collinearity diagnostics (i.e. tolerance <0.10 and/or variance inflation factor >10)
were used to detect multicollinearity between covariates. A P‐value <0.05 was
considered statistically significant except for interaction analyses, where a Pinteraction<0.10
was considered statistically significant.
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Results
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) or
insufficient measurement quality (n=113). Accelerometry variables were missing in
272 participants and data on potential confounders 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 participants. The reasons for
missing data were logistical (n=882), insufficient measurement quality (n=208), or
contraindications (n=59). Accelerometry variables were missing in 330 participants,
particularly due to device availability (n=233), and data on potential confounders were
missing in 84 participants. The retinal arteriolar reactivity study population thus
consisted of 1847 participants (Figure 5.1 shows the flow chart).
General characteristics of skin reactivity study population are shown in Table 5.1,
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 individuals 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
cardiovascular disease (Table 5.1). The skin study population overlapped for 73% with
the retinal study population. Both populations were comparable with regard to age, sex,
and cardiometabolic risk profile (Table 5.1). 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 cardiometabolic risk profile
(Supplemental Tables S5.1 and S5.2).
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Figure 5.1

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

Retinal study population
with complete data on
accelerometry and
covariates (n=1847)

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

Population with retinal
measurements (n=2261)

Skin study population
with complete data on
accelerometry (n=1375)

Population with skin
measurements (n=1647)

Missing covariates||
History of CVD (n=56)
Educational level (n=44)
Mobility limitation (n=42)
Alcohol consumption (n=36)
Smoking status (n=31)
Lipid‐modifying medication (n=3)
Antihypertensive medication (n=3)
Systolic blood pressure (office) (n=2)
Body mass index (n=1)

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

Missing retinal measurement
Logistic reasons † (n=882)
Insufficient quality (n=208)
Contraindicated ‡ (n=59)

Skin and retinal study population selection.
Logistical reasons: no laser‐Doppler equipment available (n=353), no trained researcher available (n=264), technical failure (n=1033). † Logistical reasons:
no Dynamic Vessel Analyzer equipment available (n=535), no trained researcher available (n=227), no eye drops given for traffic safety reasons (n=120);
‡ Contraindicated: history of epilepsy (n=14), allergy to eye drops (n=31), glaucoma or lens implants (n=14); § No accelerometer available. || Missing values
on covariates were not mutually exclusive.
*

Missing covariates||
History of CVD (n=53)
Mobility limitation (n=45)
Educational level (n=43)
Alcohol consumption (n=42)
Smoking status (n=40)
Triglycerides (n=1)
Total‐to‐HDL cholesterol ratio (n=1)
Systolic blood pressure (office) (n=1)
Body mass index (n=1)

Missing data on accelerometry
measurement (n=272)
Logistic reason § (n=204)
Insufficient quality (n=68)

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

No type 2 diabetes
Type 1 diabetes (n=37)
Other type of diabetes (n=4)

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

Population of The Maastricht Study (N=3451)
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1.52‐2.21
1.73‐2.27
60.4±8.0
201 (46.3)
128 (29.5)
130 (30.0)
176 (40.6)
213 (56.6)
163 (43.4)
244 (56.2)
83 (19.1)
107 (24.7)
5.0 [2.0‐11.0]
26.6±3.8
100.4±10.0
88.7±11.5
72 (16.6)
56 (12.9)
136.5±17.3
77.3±9.9
120.1±12.1
73.7±7.3

2.27‐5.38
59.0±7.5
200 (46.3)
131 (30.3)
113 (26.2)
188 (43.5)
207 (55.1)
169 (44.9)
277 (64.1)
73 (16.9)
82 (19.0)
4.0 [2.5‐7.0]
25.9±3.7
97.0±10.0
87.1±10.2
59 (13.7)
37 (8.6)
134.1±18.4
76.1±9.3
120.9±11.2
74.7±7.2

Tertile 2 of total
physical activity
n=434

Skin study population

2.21‐4.69

Tertile 1 of total
physical activity
(highest) n=432

106.5±13.3
94.1±14.8
96 (22.2)
114 (26.4)
137.4±18.9
76.4±9.6
120.0±11.8
74.1±7.5

178 (41.2)
60 (13.9)
194 (44.9)
8.0 [3.0‐12.5]
28.4±5.1

241 (65.1)
129 (34.9)

173 (40.0)
116 (26.9)
143 (33.1)

61.1±8.5
200 (46.3)

0.30‐1.73

0.22‐1.52

Tertile 3 of total
physical activity
(lowest) n=432

96.4±10.0
85.9±10.9
69 (11.2)
52 (8.4)
133.8±17.9
75.9±9.9
118.7±11.0
73.3±7.1

413 (67.0)
93 (15.1)
110 (17.9)
5.0 [3.0‐9.5]
25.7±3.8

271 (50.5)
266 (49.5)

185 (30.0)
163 (26.5)
268 (43.5)

58.8±7.7
298 (48.4)

2.33‐5.38

2.25‐4.67

Tertile 1 of total
physical activity
(highest) n=616

100.3±9.9
88.2±11.2
94 (15.3)
68 (11.0)
135.2±18.1
76.9±10.0
118.7±11.5
73.3±7.2

369 (59.9)
106 (17.2)
141 (22.9)
5.0 [2.0‐10.0]
26.5±3.9

285 (53.4)
249 (46.6)

177 (28.7)
190 (30.8)
249 (40.4)

59.5±8.2
298 (48.4)

1.77‐2.32

1.56‐2.25

Tertile 2 of total
physical activity
n=616

Retinal study population

General characteristics of the skin and retina study populations according to sex‐specific tertiles of total physical activity

Range of total physical activity (h/day) in
men
Range of total physical activity (h/day) in
women
Age (years)
Women
Educational level
‐ Low
‐ Medium
‐ High
Occupational status
‐ Unemployed
‐ Employed
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
Type 2 diabetes duration (years)
2
Body mass index (kg/m )
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Limited mobility
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)

Characteristic

Table 5.1

106.7±13.6
92.8±14.1
123 (20.0)
164 (26.7)
135.9±18.1
76.4±9.9
117.7±11.7
72.8±7.2

274 (44.6)
87 (14.1)
254 (41.3)
7.0 [3.0‐13.0]
28.3±5.2

332 (61.7)
206 (38.3)

230 (37.4)
182 (29.6)
203 (33.0)

60.5±8.4
298 (48.5)

0.30‐1.77

0.19‐1.56

Tertile 3 of total
physical activity
(lowest) n=615
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Smoking
‐ Never / former / current
‐ % (never / former / current)
Alcohol consumption (high)
Energy intake (kcal/day)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
*
(Micro)albuminuria
Retinopathy
#
Baseline skin blood flow before heating (PU)

Characteristic

Table 5.1

140/259/35
32.3/59.7/8.1
113 (26.0)
2193.8±560.8
6.0±1.5
7.9±4.2
5.9±0.8
40.7±8.3
3.7±1.2
5.3±1.2
1.5±0.5
3.1±1.1
1.4±1.0
176 (40.6)
161 (37.1)
87 (20.0)
19 (4.4)
84 (19.4)
88.1±14.1
15 (3.5)
26 (6.0)
4 (1.0)
10.5±5.7

54 (12.5)
6 (1.4)
52 (12.0)
91.2±13.4
7 (1.6)
26 (6.1)
3 (0.8)
11.9±7.2

Tertile 2 of total
physical activity
n=434

Skin study population

169/227/36
39.1/52.5/8.3
142 (32.9)
2221.3±586.1
5.8±1.2
7.3±4.0
5.8±0.6
39.5±6.9
3.5±1.0
5.4±1.1
1.6±0.5
3.2±1.0
1.3±0.7
137 (31.7)
132 (30.6)

Tertile 1 of total
physical activity
(highest) n=432

163 (37.7)
59 (13.7)
149 (34.5)
85.2±15.8
28 (6.6)
59 (13.8)
10 (2.6)
10.8±6.3

120/228/84
27.8/52.8/19.4
95 (22.0)
2101.3±586.6
6.5±2.0
9.2±4.7
6.2±1.1
44.1±12.2
3.8±1.2
5.0±1.2
1.4±0.5
2.9±1.1
1.7±1.0
239 (55.3)
219 (50.7)

Tertile 3 of total
physical activity
(lowest) n=432

79 (12.8)
18 (2.9)
72 (11.7)
91.1±13.0
7 (1.1)
42 (6.9)
5 (0.8)
12.0±7.3

265/304/47
43.0/49.4/7.6
182 (29.5)
2245.9±619.1
5.8±1.4
7.1±3.7
5.7±0.7
38.7±8.0
3.3±1.0
5.4±1.1
1.7±0.5
3.1±0.9
1.2±0.7
175 (28.4)
172 (27.9)

Tertile 1 of total
physical activity
(highest) n=616

102 (16.6)
20 (3.2)
97 (15.7)
89.0±14.4
26 (4.2)
34 (5.6)
6 (1.0)
10.5±5.8

211/345/60
34.3/56.0/9.7
145 (23.5)
2155.3±566.6
5.9±1.4
7.6±4.0
5.8±0.7
39.5±8.1
3.6±1.2
5.3±1.2
1.6±0.5
3.1±1.1
1.4±0.9
233 (37.8)
205 (33.3)

Tertile 2 of total
physical activity
n=616

Retinal study population

210 (34.1)
69 (11.1)
196 (31.9)
85.0±15.4
44 (7.2)
77 (12.4)
14 (2.3)
10.6±5.5

173/326/116
28.1/53.0/18.9
135 (22.0)
2083.0±571.4
6.5±2.0
8.9±4.6
6.1±1.1
43.1±11.5
3.8±1.2
5.1±1.2
1.4±0.5
2.9±1.1
1.6±0.9
307 (49.9)
275 (44.7)

Tertile 3 of total
physical activity
(lowest) n=615
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#

1219.5±804.7
1074.0 [636.8‐1630.1]
116.3±59.0
103.3 [75.2‐149.8]
115.3±16.8

3.0±2.7
2.6 [0.9‐4.7]

118.7±16.8
118.0 [105.9‐128.3]
6.2±1.1
15.7±0.9
1.9±0.2
0.3±0.2
9.5±1.5

114.8±58.0
107.6 [74.9‐140.6]
116.3±16.6

3.2±3.0
2.7 [1.0‐5.2]

119.9±16.8
119.5 [107.9‐129.4]
6.2±1.2
16.0±0.8
2.7±0.4
0.6±0.3
8.5±1.4

Tertile 2 of total
physical activity
n=434

Skin study population

1077.2±731.2
960.6 [570.8‐1462.3]

Tertile 1 of total
physical activity
(highest) n=432

6.2±1.1
15.4±1.0
1.3±0.3
0.2±0.1
10.6±1.4

119.5±16.1
119.4 [107.9‐129.4]

2.9±2.8
2.4 [0.8‐4.4]

106.3±54.8
97.0 [68.3‐131.2]
116.2±16.0

1083.5±763.6
910.5 [575.4‐1407.2]

Tertile 3 of total
physical activity
(lowest) n=432

6.3±1.3
15.9±0.8
2.8±0.4
0.6±0.4
8.3±1.4

119.2±15.9
118.3 [107.9‐129.2]

3.2±2.9
2.8 [1.0‐5.1]

114.2±58.7
108.1 [73.6‐138.5]
115.6±15.8

1064.5±743.2
960.6 [557.8‐1416.5]

Tertile 1 of total
physical activity
(highest) n=616

6.3±1.1
15.8±0.9
2.0±0.2
0.4±0.2
9.4±1.4

118.1±16.0
118.2 [107.3‐127.9]

3.1±2.8
2.8 [0.9‐5.1]

115.0±57.5
102.3 [73.8‐148.0]
114.6±16.0

1204.7±771.1
1052.1 [642.7‐1606.4]

Tertile 2 of total
physical activity
n=616

Retinal study population

6.3±1.2
15.5±1.0
1.3±0.3
0.2±0.2
10.5±1.5

118.9±15.4
119.0 [108.1‐128.8]

3.0±2.7
2.6 [0.9‐4.8]

108.8±57.8
98.7 [70.0‐133.0]
115.5±15.2

1118.8±799.0
979.0 [585.0‐1464.3]

Tertile 3 of total
physical activity
(lowest) n=615

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. SBP, systolic blood pressure; DBP, diastolic blood pressure;
HbA1c, glycated hemoglobin A1c; HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated glomerular filtration rate; PU, perfusion units;
MU, measurement units; SD, standard deviation. * (Micro)albuminuria was defined as a urinary albumin excretion of >30 mg per 24 hours. † In the skin study
population, flicker light‐induced retinal arteriolar reactivity measures were available in n=952. # In the retinal study population, heat‐induced skin hyperemia measures
were available in n=952.

Skin hyperemic response (%)
‐ Mean ± SD
‐ Median [interquartile range]
#
Skin hyperemia during heating (PU)
‐ Mean ± SD
‐ Median [interquartile range]
Baseline arteriolar diameter before flicker
†
light exposure (MU)
†
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]
Arteriolar diameter during flicker
†
light exposure (MU)
‐ Mean ± SD
‐ Median [interquartile range]
Accelerometry variables
‐ Valid worn days
‐ Waking time (h/day)
‐ Total physical activity (h/day)
‐ Higher‐intensity physical activity (h/day)
‐ Sedentary time (h/day)

Characteristic

Table 5.1
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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 5.2). However, the
associations of total physical activity and higher‐intensity physical activity with
heat‐induced skin hyperemia differed between individuals without and with T2D
(Pinteractions<0.10, Table 5.2). In individuals without T2D, total and higher‐intensity physical
activity were not significantly associated with heat‐induced skin hyperemia. In contrast,
in individuals with T2D, total and higher‐intensity physical activity were directly
associated with heat‐induced skin hyperemia (regression coefficients per hour increase
were 10 PU (95%CI: 1; 18, P=0.026) and 36 PU (14; 58, P=0.002), respectively (Table 5.2).
In adjusted analyses, total physical activity and higher‐intensity physical activity were
not significantly associated with flicker light‐induced retinal arteriolar %‐dilation
(Table 5.3). In addition, the associations of total physical activity and higher‐intensity
physical activity with retinal arteriolar %‐dilation did not differ significantly between
individuals without and with T2D (Pinteractions>0.10, Table 5.3).

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 5.2). Although associations between total sedentary time and heat‐
induced skin hyperemia differed statistically between individuals without and with T2D
(Pinteraction<0.10), stratified analyses in individuals without and with T2D did not
show significant associations of total sedentary time and heat‐induced skin hyperemia
(Table 5.2).
In adjusted analyses, total sedentary time was not significantly associated with flicker
light‐induced retinal arteriolar %‐dilation (Table 5.3). In addition, the association
between total sedentary time and retinal arteriolar %‐dilation did not differ significantly
between individuals without and with T2D (Pinteraction>0.10, Table 5.3).
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1 (‐4; 6)
3 (‐9; 14)
1 (‐1; 3)
‐3 (‐9; 3)
‐6 (‐20; 7)
2 (‐1; 5)
10 (1; 18)
38 (16; 60)
‐2 (‐6; 1)

2 (‐3; 7)
6 (‐5; 17)
0 (‐2; 2)
‐2 (‐8; 4)
‐3 (‐16; 10)
2 (‐1; 4)
11 (4; 19)
40 (20; 61)
‐3 (‐6; ‐0)

‐
36 (14; 58)
‐

‐
‐3 (‐17; 11)
‐

‐
4 (‐8; 16)
‐

Model 3a
B (95%CI)

‐
‐
‐1 (‐5; 2)

‐
‐
2 (‐1; 5)

‐
‐
1 (‐1; 3)

Model 3b
B (95%CI)

0.018
0.001
0.068

‐
‐
‐

‐
‐
‐

Pinteraction

Model 2
B (95%CI)
‐0.09 (‐0.30; 0.11)
‐0.24 (‐0.69; 0.22)
0.01 (‐0.08; 0.10)

Model 3a
B (95%CI)
‐
‐0.24 (‐0.71; 0.23)
‐

Model 3b
B (95%CI)
‐
‐
‐0.00 (‐0.09; 0.09)

0.814
0.226
0.806

Pinteraction

Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical significance (P<0.05).
Pinteraction (with type 2 diabetes) 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 history of cardiovascular disease. Model 3a: additionally adjusted for sedentary time. Model 3b: additionally
adjusted for higher‐intensity physical activity.

Model 1
B (95%CI)
‐0.04 (‐0.24; 0.15)
‐0.16 (‐0.60; 0.27)
0.01 (‐0.09; 0.08)

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

Retinal arteriolar dilation (%)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)

Table 5.3

Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical significance (P<0.05).
Pinteraction (with type 2 diabetes) was based on model 2. PU, perfusion units. 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 type 2 diabetes, 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 history of cardiovascular disease. Model 3a: additionally adjusted for
sedentary time. Model 3b: additionally adjusted for higher‐intensity physical activity.

Model 2
B (95%CI)

Model 1
B (95%CI)

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 type 2 diabetes status

Heat‐induced skin hyperemia (PU)
Total skin study population (n=1298)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
Without type 2 diabetes (n=915)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
With type 2 diabetes (n=383)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)

Table 5.2
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Additional analyses
As associations of total and higher‐intensity physical activity with heat‐induced skin
hyperemia were stronger in individuals with as compared to those without T2D, we
further explored interactions between continuous measures of glycemia (i.e. HbA1c,
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 activity, and between HbA1c, fasting plasma glucose, and 2‐h postload
glucose and higher‐intensity physical activity (all Pinteractions<0.10; data not shown). In
individuals with prediabetes, regression coefficients of the associations of total and
higher‐intensity physical activity with skin hyperemia, were numerically in between
those of individuals without and with T2D (Supplemental Table S5.5).
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 outcomes (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), respectively). 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), respectively), 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
(n=809 without and n=354 with T2D) and n=1774 (n=1288 without and n=486 with T2D),
respectively). Fifth, when antihypertensive medication was further specified into renin‐
angiotensin‐aldosterone system (RAAS)‐inhibiting (with or without other types of
antihypertensives) and non‐RAAS‐inhibiting antihypertensives only (data not shown;
RAAS‐inhibiting antihypertensives included angiotensin‐converting‐enzyme inhibitors,
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 shown). Seventh,
associations of total physical activity, higher‐intensity physical activity, and total
sedentary time with skin hyperemia and retinal arteriolar %‐dilation did not differ
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between women and men (all Pinteractions>0.10). Last, collinearity diagnostics revealed no
problematic multicollinearity in any of the analyses (i.e. all tolerance values ≥0.10 and
variance inflation factors ≤10).

Discussion
In this population‐based study, we tested the hypothesis that habitually low levels of
physical activity and high levels of sedentary time (objectively quantified with an
accelerometer) can affect microvascular 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 failure1, (lacunar) stroke2, depression3,
cognitive decline4, retinopathy5, chronic kidney disease6, and neuropathy5.
Both heat‐induced skin hyperemia and flicker light‐induced retinal arteriolar dilation
are likely a reflection of microvascular endothelial function, as they both depend on
nitric oxide bioavailability51,52, possibly in conjunction with vascular smooth muscle cell
function53,54, and/or neuronal function55,56. Mechanistically, higher levels of physical
activity and lower levels of sedentary time are thought to increase nitric oxide
bioavailability29,30, presumably together with beneficial effects on low‐grade
inflammation31,32, both of which can improve microvascular endothelial function33.
The associations of higher levels of total and higher‐intensity physical activity with
greater heat‐induced skin hyperemia in individuals with T2D are in agreement with
earlier small studies57,58. Stronger associations in individuals with T2D, as compared to
those without, can be explained by beneficial effects of physical activity on nitric oxide
bioavailability30,58. These effects are likely more prominent in individuals with
hyperglycemia, as hyperglycemia is a potent inducer of impaired nitric oxide
bioavailability34 and microvascular (endothelial) dysfunction35. A close relationship
between hyperglycemia and the strength of these associations is supported by
statistically significant interactions between measures of glycemia (including prediabetes
(Supplemental Table S5.5)) and habitual total and higher‐intensity physical activity.
The absence of an association between higher levels of habitual total and higher‐
intensity physical activity and greater skin microvascular function in individuals without
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T2D contrasts with earlier studies which showed beneficial effects of (chronic) intensive
exercise on skin microvascular function in healthy individuals20,21,59. A possible
explanation is that in individuals without T2D, physical activity‐induced improvement in
skin microvascular function is observed only at higher intensities and longer duration of
physical activity than those in our study20.
The absence of an inverse association between higher levels of habitual total
sedentary time and skin microvascular function contrasts with earlier studies with
uninterrupted sedentary time protocols19,25,26. Mechanistically, sedentary behavior is
thought to reduce shear stress, leading to less nitric oxide synthesis and reduced
endothelium‐dependent vasodilation29. Insufficient duration of total sedentary time
(mean ± SD: 9.5±1.7 h/day; range: 2.5 to 15.9 h/day) is unlikely to explain the absence of
an inverse association between sedentary behavior and microvascular function. A likelier
explanation is that frequent transient interruptions of sedentary behavior by standing
and/or walking can restore sedentary behavior‐induced microvascular dysfunction19,25,
presumably via changes in shear stress60. Indeed, a 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 mortality61.
Autoregulation of retinal blood flow can explain why physical activity and sedentary
behavior were not associated with retinal microvascular function39,40,62. During physical
activity, constriction of small retinal arterioles increases retinal vascular resistance in
proportion to the increase in ocular perfusion pressure40 to stabilize retinal
perfusion39,40, presumably to maintain visual acuity41. Our finding of a numerically lower
baseline retinal arteriolar diameter with increased levels of higher‐intensity physical
activity (Supplemental Table S5.4) 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 (e.g. sitting and lying)62.
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
compliance63, and measures which are more precise and valid than when self‐
reported28; 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‐sectional. Therefore, we
cannot exclude reverse causality, i.e. that microvascular dysfunction leads to suboptimal
delivery of oxygen and nutrients to tissues (e.g. muscle) on demand, and therefore may
hamper physical activity. Second, total and higher‐intensity physical activity and total
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sedentary time were measured during one week, which may not truly reflect habitual
behavior. However, with an average wear time of 6.2 days in our study, compliance to
the 8 days wear time protocol was good, and sufficient to reliably estimate habitual
sedentary behavior and close to optimal wear time for estimation of habitual physical
activity64. Third, higher‐intensity physical activity was based on step frequency, which is
less precise than acceleration‐based determination. However, we used a cut‐off 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)47. Last, although we adjusted for many potential confounders, we
cannot fully exclude residual confounding by variables not included in these analyses
(e.g. dietary habits).
This large population‐based study, with postured‐based accelerometry data, showed
that 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. This is consistent with beneficial effects of physical activity on nitric
oxide bioavailability, which are likely more prominent 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 failure1, (lacunar) stroke2, depression3, cognitive decline4,
retinopathy5, chronic kidney disease6, and neuropathy5.
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Supplemental Material to chapter 5
Supplemental Methods
Assessment of retinal arteriolar microvascular function1
The retinal arteriolar dilation response to flicker light was measured in a dimly lit room
by use of the Dynamic Vessel Analyzer (DVA) (Imedos, Jena, Germany). For safety
reasons, participants with an intraocular pressure exceeding 30 mmHg were excluded
from retinal measurements. Per participant either the left or right eye was selected
depending on the time of day the measurement was performed and without reference
to participant characteristics.
During the measurement, the participant was instructed and encouraged to focus on
the tip of a fixated needle inside the retinal camera (FF450; Carl Zeiss GmbH, Jena,
Germany), while the fundus of the eye was examined under green measuring light
(530‐600 nm, illumination of fundus approximately 6500 lux). A straight arteriolar
segment of approximately 1.5 mm in length located 0.5 to 2.0 disc diameter from the
margin of the optic disc in the temporal section was examined. When the specific vessel
profile was recognized, vessel diameter was automatically and continuously measured
for 150 seconds. A baseline recording of 50 seconds was followed by a 40‐second flicker
light exposure period (flicker frequency 12.5 Hz, bright‐to‐dark contrast ratio 25:1)
followed by a 60‐second recovery period. The DVA automatically corrected for
alterations in luminance caused by, for example, slight eye movements. During blinks
and small eye movements, the registration stopped and restarted once the vessel
segment was automatically re‐identified.
Assessment of patterns of physical activity and sedentary behavior
Daily activity levels and patterns were measured using the activPAL3TM physical activity
monitor (PAL technologies, Glasgow, UK) as has been described previously2. The
activPAL3TM is a small (53 x 35 x 7 mm), lightweight (15 gram) triaxial accelerometer that
records movement in the vertical, anteroposterior, and mediolateral 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 TegadermTM tape, after the device had been waterproofed using a
nitrile sleeve. Participants were asked to wear the accelerometer for 8 consecutive days,
without removing the device at any time. To avoid inaccurately identifying of non‐wear
time, participants were asked not to replace the device once removed. Data were
uploaded using the activePAL software and processed using customized software written
in MATLAB R2013b (MathWorks, Natick, USA). Data from the first day were excluded
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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 analysis. Participants were included if
they provided at least 1 valid day (≥10 hours of waking data).
Detailed assessment of covariates
Level of education was categorized into low (none, primary, or lower vocational
education only), medium (intermediate general secondary, intermediate vocational, or
higher general secondary education), and high (higher vocational education or university
level of education). Alcohol consumption was categorized into non‐consumers, 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). History
of cardiovascular disease was assessed by web‐based questionnaires and was defined as
a history of myocardial infarction, stroke, or vascular surgery (including angioplasty) of
coronary, carotid, abdominal aortic, or peripheral arteries. Occupational status was
assess by questionnaire, and classified as self‐employed, working for the government,
salaried worker, disabled, rentier, retired, homemaker, unemployed, or other. Those
who selected the option disabled, rentier, retired, homemaker, or unemployed were
included in the non‐employment group. Those in the class “other” were excluded, as
their employment status could not be confirmed. Those who reported being
self‐employed, salaried worker, or working for the government were further classified as
employed, and their occupational status was categorized according to the question
“What category was your job?” as low (including option such as; without a profession,
unschooled, schooled, and lower employee), intermediate or high employee, or
self‐employed.
Statistical analysis
Differences in general characteristics between individuals in the study populations and
individuals excluded due to missing values were compared by Analyses of Variance
(ANOVA) for continuous variables and χ2‐test for categorical variables.
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Supplemental Results
Associations of total and higher‐intensity physical activity and total sedentary time with
baseline skin blood flow and baseline retinal arteriolar diameter
In adjusted analyses, total physical activity and higher‐intensity physical activity were
significantly associated with baseline skin blood flow (regression coefficients per hour
increase were 0.89 PU (95%CI: 0.32; 1.46, P=0.002) and 2.14 PU (0.82; 3.46, P=0.002),
respectively). These associations did not differ significantly between individuals without
and with type 2 diabetes (T2D) (Pinteractions>0.10, Supplemental Table S5.3). Total
sedentary time was associated with baseline skin blood flow (regression coefficient per
hour increase was ‐0.24 PU (‐0.48; ‐0.00, P=0.047)). In addition, this association was
significantly different between individuals without and with T2D (Pinteraction<0.10). In
individuals without T2D total sedentary time was significantly associated with baseline
skin blood flow (regression coefficient per hour increase was ‐0.45 PU (‐0.74; ‐0.16,
P=0.003)), whereas in individuals with T2D it was not; 0.26 PU (‐0.14; 0.66, P=0.198,
Supplemental Table S5.3).
In adjusted analyses, total physical activity, higher‐intensity physical activity, and
total sedentary time were not significantly associated with baseline retinal arteriolar
diameter (Supplemental Table S5.4). In addition, the associations of total physical
activity, higher‐intensity physical activity, and total sedentary time with baseline retinal
arteriolar diameter did not differ significantly between individuals without and with T2D
(Pinteractions>0.10, Supplemental Table S5.4).
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429/714/155
33.1/55.0/11.9
350 (27.0)
2172.1±579.8
6.1±1.6
8.1±4.3
5.9±0.9
41.4±9.6

101.3±11.9
89.9±12.7
227 (17.5)
207 (15.9)
136.0±18.3
76.6±9.6
120.3±11.7
74.1±7.3

699 (32.9)
216 (16.6)
383 (29.5)
6.0 [3.0‐12.0]
27.0±4.4

661 (58.9)
461 (41.1)

432 (33.3)
359 (27.7)
507 (39.1)

Skin hyperemia study
population (n=1298)
60.2±8.1
601 (46.3)

0
79
0
94
1
1

0
0
0
0
147
147
0

109
0
0

0

176

Missings in skin hyperemia
study population*
0
0
0

731/1015/305
35.6/49.5/14.9
515 (25.2)
2178.9±618.4
6.1±1.7
7.8±4.2
5.9±0.9
40.9±10.2

101.8±12.3
90.1±13.2
325 (16.2)
365 (18.0)
134.4±18.1
76.0±10.0
118.4±11.9
73.1±7.1

1225 (58.0)
295 (14.0)
592 (28.0)
7.0 [3.0‐13.0]
27.2±4.7

1001 (56.9)
757 (43.1)

686 (33.7)
581 (28.5)
770 (37.8)

Excluded due to missing
values (n=2112)
59.6±8.4
1053 (49.9)

67
143
1
157
12
12

105
78
2
2
252
252
61

202
3
4

0

354

Missings in population excluded
due to missing values†
0
0
75

General characteristics of the skin hyperemia study population and individuals excluded from analyses due to missing values

Characteristic
Age (years)
Women
Educational level
‐ Low
‐ Medium
‐ High
Occupational status
‐ Unemployed
‐ Employed
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
Diabetes duration (years)
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Limited mobility
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Alcohol consumption (high)
Energy intake (kcal/day)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)

Table S5.1

0.170
0.757
0.719
0.069
0.140
0.138

0.425
0.765
0.330
0.184
0.014
0.054
<0.001
<0.001
0.004

0.102
0.202

0.032

0.766

P‐value
0.046
0.044
0.750
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Skin hyperemia study Missings in skin hyperemia Excluded due to missing Missings in population excluded
†
due to missing values
P‐value
Characteristic
population (n=1298)
study population*
values (n=2112)
Total‐to‐HDL cholesterol ratio
3.7±1.1
0
3.7±1.2
4
0.640
Total cholesterol (mmol/l)
5.2±1.2
0
5.2±1.1
4
0.578
HDL cholesterol (mmol/l)
1.5±0.5
0
1.5±0.5
4
0.488
LDL cholesterol (mmol/l)
3.1±1.1
0
3.1±1.0
4
0.998
Triglycerides (mmol/l)
1.5±0.9
0
1.4±0.8
4
0.120
Antihypertensive medication use
552 (42.5)
0
803 (38.1)
4
0.010
0.001
Lipid‐modifying medication use
512 (39.4)
0
708 (33.6)
4
Diabetes medication use
‐ Any type
304 (23.4)
0
461 (21.9)
4
0.292
‐ Insulin
84 (6.5)
0
132 (6.3)
4
0.807
‐ Oral glucose‐lowering medication
285 (22.0)
0
428 (20.3)
4
0.249
88.2±14.7
11
88.0±15.0
22
0.793
eGFR (ml/min/1.73m2)
2
50 (3.9)
11
93 (4.4)
22
0.429
eGFR<60 ml/min/1.73m
(Micro)albuminuria‡
111 (8.6)
8
180 (8.7)
34
0.954
Retinopathy
17 (1.4)
118
23 (1.4)
469
0.928
§
11.1±6.1
1763
0.972
Baseline skin blood flow before heating (PU)
11.1±6.5
0
Skin hyperemic response (%)
‐ Mean ± SD
1126.9±769.4
0
1119.1±782.4§
1763
0.867
993.8 [575.5‐1463.6]§
1763
0.867
‐ Median [interquartile range]
997.1 [587.0‐1513.6]
0
Skin hyperemia during heating (PU)
§
‐ Mean ± SD
112.5±57.4
0
111.4±56.7
1763
0.754
§
99.7 [73.5‐134.8]
1763
0.754
‐ Median [interquartile range]
102.5 [72.8‐139.8]
0
Accelerometry variables
||
803
<0.001
‐ Valid worn days
6.2±1.1
0
6.4±1.2
||
803
0.463
‐ Waking time (h/day)
15.7±0.9
0
15.7±0.9
||
‐ Total physical activity (h/day)
2.0±0.7
0
2.0±0.7
803
0.147
||
803
0.324
‐ Higher‐intensity physical activity (h/day)
0.4±0.3
0
0.4±0.3
||
803
0.004
‐ Sedentary time (h/day)
9.5±1.7
0
9.3±1.7
Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. P‐value indicates comparison between study population and
individuals excluded due to missing values. SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin A1c;
*
HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated glomerular filtration rate; PU, perfusion units. Total number of missings for a specific
†
‡
variable in the skin hyperemia study population, Total number of missings for a specific variable in the population which was excluded, (Micro)albuminuria was
§
||
defined as a urinary albumin excretion of >30 mg per 24 hours, 349 were excluded due to missing on accelerometry data or covariate, 1309 were excluded due to
missing on skin reactivity data or covariate.
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649/975/223
35.1/52.8/12.1
462 (25.0)
2161.6±589.7
6.0±1.6
7.8±4.2
5.9±0.9
40.4±9.5

101.1±12.0
89.0±12.5
286 (15.5)
284 (15.4)
135.0±18.0
76.4±9.9
118.3±11.4
73.1±7.2

1056 (57.2)
286 (15.5)
505 (27.3)
6.0 [3.0‐12.0]
26.9±4.5

888 (55.2)
721 (44.8)

592 (32.1)
535 (29.0)
720 (39.0)

Retinal reactivity
study population
(n=1847)
59.6±8.2
894 (48.4)

0
92
0
122
3
3

0
0
0
0
215
215
0

167
0
0

0

238

Missings in retinal
reactivity study
population*
0
0
0

511/754/237
34.0/50.2/15.8
403 (26.9)
2194.3±620.5
6.1±1.7
8.0±4.3
6.0±1.0
41.8±10.4

102.1±12.2
91.4±13.5
266 (18.2)
288 (19.4)
135.1±18.4
76.0±9.7
120.0±12.3
73.9±7.2

868 (55.5)
225 (14.4)
470 (30.1)
7.0 [3.0‐12.0]
27.4±4.7

774 (60.9)
497 (39.1)

526 (35.3)
405 (27.2)
557 (37.4)

Excluded due to
missing values
(n=1563)
60.1±8.4
760 (48.6)

67
130
1
129
10
10

105
81
2
2
184
184
61

144
3
4

0

292

Missings in population
excluded due to
missing values†
0
0
75

General characteristics of the retinal reactivity study population and individuals excluded from analyses due to missing values

Characteristic
Age (years)
Women
Educational level
‐ Low
‐ Medium
‐ High
Occupational status
‐ Unemployed
‐ Employed
Glucose metabolism status
‐ Normal glucose metabolism
‐ Prediabetes
‐ Type 2 diabetes
Diabetes duration (years)
Body mass index (kg/m2)
Waist circumference (cm)
‐ Men
‐ Women
History of cardiovascular disease
Limited mobility
Office SBP (mmHg)
Office DBP (mmHg)
Ambulatory 24‐h SBP (mmHg)
Ambulatory 24‐h DBP (mmHg)
Smoking
‐ Never / former / current
‐ % (never / former / current)
Alcohol consumption (high)
Energy intake (kcal/day)
Fasting glucose (mmol/l)
2‐h postload glucose (mmol/l)
HbA1c (%)
HbA1c (mmol/mol)

Table S5.2

0.016
0.129
0.113
0.425
<0.001
<0.001

0.078
<0.001
0.035
0.003
0.880
0.179
<0.001
0.002
0.008

0.072
0.001

0.194

<0.001

P‐value
0.089
0.897
0.130
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Missings in retinal
reactivity study
population*
0
0
0
0
0
0
0
0
0
0
12
12
13
48
0
0
0
0
0
0
0
0
0
0

Retinal reactivity
study population
(n=1847)
3.6±1.1
5.2±1.2
1.6±0.5
3.0±1.0
1.4±0.8
715 (38.7)
652 (35.3)
391 (21.2)
106 (5.7)
365 (19.8)
88.4±14.5
77 (4.2)
152 (8.3)
25 (1.4)
115.2±15.6
3.1±2.8
2.7 [0.9‐5.1]
118.7±15.8
118.6 [107.8‐128.5]
6.3±1.2
15.7±0.9
2.0±0.7
0.4±0.3
9.4±1.7

4
4
4
21
21
29
539
1149
1149
1149
1149
1149
803
803
803
803
803

2.5±2.6§
1.8 [0.6‐4.3]§
119.4±15.7§
118.7 [108.3‐130.1]§
6.2±1.1||
15.7±0.9||
1.9±0.7||
0.3±0.3||
9.5±1.7||

Missings in population
excluded due to
missing values†
4
4
4
4
4
4
4

374 (24.0)
110 (7.1)
348 (22.3)
87.8±15.3
66 (4.3)
139 (9.1)
15 (1.5)
116.5±15.6§

Excluded due to
missing values
(n=1563)
3.8±1.2
5.2±1.2
1.5±0.4
3.1±1.0
1.4±0.9
640 (41.1)
568 (36.4)

0.083
0.519
0.014
0.001
0.203

0.409
0.409

<0.001
<0.001

0.049
0.116
0.067
0.262
0.904
0.426
0.871
0.118

P‐value
<0.001
0.327
<0.001
0.054
0.975
0.164
0.492

Data are reported as mean ± SD, median [interquartile range], or number (percentage %) as appropriate. P‐value indicates comparison between study population and
individuals excluded due to missing values. SD, standard deviation; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin A1c;
HDL, high‐density lipoprotein; LDL, low‐density lipoprotein; eGFR, estimated glomerular filtration rate; MU, measurement units. * Total number of missings for a
specific variable in the retinal reactivity study population, † Total number of missings for a specific variable in the population which was excluded, ‡ (Micro)albuminuria
was defined as a urinary albumin excretion of >30 mg per 24 hours, § 414 were excluded due to missing on accelerometry data or covariate, || 760 were excluded due
to missing on retinal arteriolar reactivity data or covariate.

Characteristic
Total‐to‐HDL cholesterol ratio
Total cholesterol (mmol/l)
HDL cholesterol (mmol/l)
LDL cholesterol (mmol/l)
Triglycerides (mmol/l)
Antihypertensive medication use
Lipid‐modifying medication use
Diabetes medication use
‐ Any type
‐ Insulin
‐ Oral glucose‐lowering medication
eGFR (ml/min/1.73m2)
eGFR<60 ml/min/1.73m2
(Micro)albuminuria‡
Retinopathy
Baseline arteriolar diameter before flicker light exposure (MU)
Arteriolar average dilation (%)
‐ Mean ± SD
‐ Median [interquartile range]
Arteriolar diameter during flicker light exposure (MU)
‐ Mean ± SD
‐ Median [interquartile range]
Accelerometry variables
‐ Valid worn days
‐ Waking time (h/day)
‐ Total physical activity (h/day)
‐ Higher‐intensity physical activity (h/day)
‐ Sedentary time (h/day)
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0.89 (0.32; 1.46)
2.14 (0.82; 3.46)
‐0.24 (‐0.48; ‐0.00)
0.97 (0.28; 1.67)
2.08 (0.53; 3.61)
‐0.45 (‐0.74; ‐0.16)
0.75 (‐0.27; 1.76)
1.64 (‐1.02; 4.31)
0.26 (‐0.14; 0.66)

0.92 (0.37; 1.47)
2.20 (0.92; 3.48)
‐0.29 (‐0.52; ‐0.06)
1.07 (0.39; 1.76)
2.39 (0.89; 3.89)
‐0.49 (‐0.78; ‐0.21)
0.45 (‐0.47; 1.36)
1.15 (‐1.35; 3.66)
0.21 (‐0.16; 0.58)

‐
2.11 (‐0.61; 4.84)
‐

‐
1.47 (‐0.15; 3.09)
‐

‐
1.91 (0.53; 3.29)
‐

Model 3a
B (95%CI)

‐
‐
0.33 (‐0.08; 0.73)

‐
‐
‐0.36 (‐0.67; ‐0.05)

‐
‐
‐0.14 (‐0.39; 0.10)

Model 3b
B (95%CI)

0.164
0.328
0.049

‐
‐
‐

‐
‐
‐

Pinteraction

Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical significance (P<0.05).
Pinteraction (with type 2 diabetes) was based on model 2. PU, perfusion units. Model 1: adjusted for age, sex, glucose metabolism status (for ‘total skin study population’
only), and waking time. For analyses in individuals without type 2 diabetes, 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 history of cardiovascular disease. Model 3a: additionally adjusted for sedentary time. Model 3b: additionally
adjusted for higher‐intensity physical activity.

Model 2
B (95%CI)

Model 1
B (95%CI)

Multivariable‐adjusted associations of total physical activity, higher‐intensity physical activity, and total sedentary time with baseline skin blood flow in
the total skin study population and stratified according to type 2 diabetes status

Baseline skin blood flow (PU)
Total skin study population (n=1298)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
Without type 2 diabetes (n=915)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
With type 2 diabetes (n=383)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
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Model 2
B (95%CI)
‐0.01 (‐1.21; 1.11)
‐0.85 (‐3.40; 1.71)
0.11 (‐0.38; 0.60)

Model 3a
B (95%CI)
‐
‐0.75 (‐3.39; 1.88)
‐

Model 3b
B (95%CI)
‐
‐
0.07 (‐0.43; 0.58)

0.935
0.897
0.657

Pinteraction

‐4 (‐11; 3)
‐9 (‐24; 7)
3 (‐0; 6)
‐1 (‐11; 10)
‐1 (‐27; 25)
0 (‐4; 5)
10 (1; 18)
38 (16; 60)
‐2 (‐6; 1)

‐3 (‐10; 4)
‐5 (‐21; 10)
2 (‐1; 5)
2 (‐8; 12)
5 (‐19; 29)
‐0 (‐4; 4)
11 (4; 19)
40 (20; 61)
‐3 (‐6; ‐0)

‐
36 (14; 58)
‐

‐
‐0 (‐27; 27)
‐

‐
‐4 (‐21; 13)
‐

Model 3a
B (95%CI)

‐
‐
‐1 (‐5; 2)

‐
‐
0 (‐4; 5)

‐
‐
3 (‐1; 6)

Model 3b
B (95%CI)

Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical significance (P<0.05). Model 1:
adjusted for age, sex, baseline skin blood flow, 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 history
of cardiovascular disease. Model 3a: additionally adjusted for sedentary time. Model 3b: additionally adjusted for higher‐intensity physical activity. PU, perfusion units.

Model 2
B (95%CI)

Model 1
B (95%CI)

Associations of total physical activity, higher‐intensity physical activity, and total sedentary time with heat‐induced skin hyperemia stratified according to
prediabetes and type 2 diabetes status

Heat‐induced skin hyperemia (PU)
Without prediabetes or diabetes (n=699)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
With prediabetes (n=216)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
With type 2 diabetes (n=383)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)

Table S5.5

Regression results are presented as unstandardized coefficients (B) with 95% confidence intervals (95%CI). Boldface indicates statistical significance (P<0.05).
Pinteraction (with type 2 diabetes) was based on model 2. MU, measurement units. 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 history of cardiovascular disease. Model 3a: additionally adjusted for
sedentary time. Model 3b: additionally adjusted for higher‐intensity physical activity.

Model 1
B (95%CI)
‐0.20 (‐1.30; 0.91)
‐1.09 (‐3.56; 1.37)
0.09 (‐0.39; 0.56)

Multivariable‐adjusted associations of total physical activity, higher‐intensity physical activity, and total sedentary time with baseline retinal arteriolar
diameter

Baseline retinal arteriolar diameter (MU)
Total physical activity (h/day)
Higher‐intensity physical activity (h/day)
Total sedentary time (h/day)
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Summary and general discussion
The incidence of type 2 diabetes (T2D), with or without an adverse cardiovascular risk
profile has increased dramatically since decades1,2. Importantly, cardiovascular risk not
only affects individuals with diabetes, but also individuals in the general population,
without diabetes3,4. An adverse cardiovascular risk profile and/or having T2D are
associated with an increased risk of macrovascular diseases (e.g. myocardial infarction,
stroke, and peripheral arterial disease) and diseases which are (partly) of microvascular
origin (e.g. heart failure, (lacunar) stroke, depression, cognitive decline, retinopathy,
chronic kidney disease, and neuropathy). Evidence indicates that endothelial dysfunction
is an important underlying mechanism of both macrovascular5‐8 and microvascular
diseases9‐14. Endothelial cells line the interior surface of all blood vessels, both in the
macrocirculation and microcirculation, and are important in blood vessel physiology.
This dissertation focused on determinants of microvascular (endothelial) dysfunction in
individuals with and without T2D in order to understand its pathophysiology better.
Macrovascular (endothelial) dysfunction occurs in prediabetes with further
deterioration in T2D15‐17. This suggests that the pathogenesis of T2D‐associated
macrovascular disease starts before diabetes occurs (ticking clock hypothesis18).
However, whether microvascular endothelial dysfunction already occurs in prediabetes
has not been investigated extensively17,19. Key metabolic features of T2D are insulin
resistance and β‐cell dysfunction leading to hyperglycemia and abnormal insulin
signaling. In addition, T2D typically develops with an adverse cardiovascular risk profile
consisting of low‐grade inflammation20, dyslipidemia21, hypertension22, and arterial
stiffness16. We investigated to what extent prediabetes‐ and T2D‐associated
microvascular dysfunction were potentially attributable to these metabolic and vascular
risk factors.
In the general population, aging, male sex, dyslipidemia, obesity, hyperglycemia
(including prediabetes and T2D), hypertension, current smoking, low levels of physical
activity, and high levels of sedentary time are major determinants of macrovascular
diseases. These risk factors may act via inducing large‐artery endothelial dysfunction8,23,
atherosclerosis24,25, and/or arterial stiffening26‐28. However, because of endothelial cell
heterogeneity (i.e. endothelial cells differ remarkably in function and structure
depending on their localization), this does not necessarily imply that microvascular
endothelial function is affected similarly29. As many of the risk factors of macrovascular
diseases are also associated with microvascular diseases30‐33, we hypothesized that they
are also determinants of microvascular endothelial function.
Against this background, we investigated in a population‐based cohort study,
whether (1) prediabetes and T2D are associated with microvascular endothelial
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dysfunction, and whether (pre)diabetes‐associated microvascular dysfunction is
potentially attributable to metabolic and/or vascular risk factors. (2) We further
investigated associations between (modifiable) cardiovascular risk factors and
microvascular endothelial function in the general population. An epidemiological
approach, like we used in The Maastricht Study, has multiple advantages over
small‐scale (intervention) studies; first, it allows assessment of various outcomes and
determinants. Second, it enables investigation of relatively unbiased associations (e.g.
without (or with proper adjustment for) confounding and without selection bias). Third,
it allows translation of results to the source population, and possibly also the general
population34. In this final chapter the key findings of the dissertation are summarized
and discussed in the light of the current literature and methodological considerations.

Summary of the main findings
Microvascular (endothelial) dysfunction has been shown to be associated with, and may
therefore be an important underlying mechanism of common diseases, such as heart
failure9, (lacunar) stroke10, depression11, cognitive decline14, retinopathy12, chronic
kidney disease13, and neuropathy12. These diseases occur in the general population and
more frequently in individuals with T2D35. In this dissertation we focused on
microvascular (endothelial) (dys)function, more specifically on the stimulus‐induced
vasodilation capacity of the retinal arteriolar microcirculation and skin microvasculature,
measured by flicker light‐induced retinal arteriolar dilation and heat‐induced skin
hyperemia, respectively. Impairments in stimulus‐induced retinal arteriolar dilation and
skin hyperemia can be seen as a reflection of microvascular endothelial dysfunction36,37,
as impairments in both responses depend on decreased bioavailability of (endothelium‐
derived) vasodilators such as nitric oxide and endothelium‐dependent hyperpolarizing
factors36‐38. Both responses are (partly) blunted by inhibition of NG‐monomethyl‐
L‐arginine (L‐NMMA); a non‐selective inhibitor of nitric oxide synthase36‐39. Nitric oxide is
an important endothelium‐derived cellular signaling molecule, which relaxes vascular
smooth muscle cells and thereby acts as a potent vasodilator. However, this implies that
impairments in retinal and skin microvascular vasodilation responses possibly also
depend on vascular smooth muscle cell dysfunction40. In addition, these responses may
also be caused by neuronal dysfunction, as intact retinal and skin nerve signaling is
necessary to sense and conduct the flicker and heat stimulus, respectively37,41.
All findings described in this dissertation are based on data from the first 3451
individuals of The Maastricht Study42. The Maastricht Study is an ongoing prospective
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population‐based cohort study that focuses on the etiology, pathophysiology,
complications, and comorbidities of T2D42.
In chapter 2 we tested and confirmed the hypothesis that microvascular endothelial
dysfunction is already present in prediabetes with further deterioration in T2D. The
regression coefficient of prediabetes was consistently ~1/2 to 1/4 of the T2D coefficient.
The interpretation of a graded decline in microvascular function with worsening glucose
tolerance is supported by the significant linear associations of higher levels of glycated
hemoglobin A1c (HbA1c) and fasting plasma glucose with attenuated retinal and skin
microvascular responses. Importantly, all associations were independent of major
cardiovascular risk factors.
In chapter 3 we investigated, with mediation analyses, whether and to what extent
prediabetes‐ and T2D‐associated retinal arteriolar and skin microvascular dysfunction
are potentially attributable to key metabolic and vascular features associated with T2D,
such as hyperglycemia, insulin resistance, elevated blood pressure, arterial stiffness,
dyslipidemia, and low‐grade inflammation. We showed that hyperglycemia itself, rather
than the cardiovascular risk context associated with (pre)diabetes, is the main
contributor to both prediabetes‐ and T2D‐associated retinal and skin microvascular
dysfunction. In contrast, in this relatively well‐treated population, insulin resistance,
blood pressure, arterial stiffness, lipid profile, and low‐grade inflammation did not
significantly contribute to (pre)diabetes‐associated microvascular dysfunction.
From chapter 2 and 3 it follows that microvascular endothelial dysfunction is a
feature of both prediabetes and T2D and is mainly attributable to hyperglycemia itself,
rather than the cardiovascular risk context in which (pre)diabetes typically develops. This
implies an early detrimental effect of hyperglycemia on the retinal and skin
microvascular responses. Our findings therefore suggest early and intensive glycemic
control in (pre)diabetes as a promising therapeutic target for the prevention of
(pre)diabetes‐associated microvascular dysfunction.
In chapter 4 we investigated whether determinants of macrovascular dysfunction
(aging, male sex, hypertension, dyslipidemia, hyperglycemia, higher waist circumference,
and current smoking) were also determinants of microvascular dysfunction. We
demonstrated that aging and higher levels of glycemia were inversely associated with
retinal and skin microvascular vasodilation. Male sex and current smoking were
associated with impaired heat‐induced skin hyperemia. 24‐h systolic blood pressure,
waist circumference, and total‐to‐HDL cholesterol ratio were not significantly associated
with these microvascular functions. Hence, it follows that the pattern of associations
between cardiovascular risk factors and retinal and skin microvascular function partly
resembles the one between cardiovascular risk factors and macrovascular function.
Thus, impairment of microvascular function may constitute a pathway through which an
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adverse cardiovascular risk factor pattern may increase risk of diseases of (partly)
microvascular origin.
In chapter 5 we examined associations of the modifiable lifestyle risk factors, little
habitual physical activity and sedentary behavior, with skin and retinal microvascular
function. In addition, we investigated whether these associations were stronger in
individuals with T2D as compared to those without. There were three novel findings.
First, higher levels of habitual total and higher‐intensity physical activity were
independently associated with greater skin microvascular vasodilation in individuals
with, but not in those without T2D. Second, habitual sedentary time was not associated
with skin microvascular function. Third, habitual physical activity and sedentary behavior
were not associated with retinal microvascular function. These findings suggest that
increasing habitual daily physical activity levels should be investigated as a means to
improve microvascular function, at least in individuals with T2D.

Concluding remarks
In conclusion, using an epidemiological approach, we showed that prediabetes, T2D, and
multiple cardiovascular risk factors (i.e. aging, male sex, hyperglycemia, current smoking,
and low levels of physical activity) are associated with retinal and/or skin microvascular
endothelial dysfunction. Importantly, all associations were independent of major
cardiovascular risk factors and were based on data derived from a population‐based
study, which expanded the evidence of the associations as found in small studies with
selected patient groups43‐48 to the general population. As all our conclusions were based
on cross‐sectional data, longitudinal studies are needed to further investigate
temporality. Longitudinal studies should elucidate whether adverse cardiometabolic risk
factors increase the risk of microvascular diseases via impairments in microvascular
endothelial function. From a clinical point of view, it is of great importance to target
individual risk factors, or clusters of risk factors, in order to reduce microvascular
endothelial dysfunction. The ultimate goal is to reduce and/or prevent common diseases
of microvascular origin such as heart failure, (lacunar) stroke, depression, cognitive
decline, retinopathy, chronic kidney disease, and neuropathy.
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Main findings and their interpretation
Hyperglycemia is the main contributor to prediabetes‐ and type 2
diabetes‐associated retinal and skin microvascular endothelial
dysfunction
From chapter 2 it follows that microvascular endothelial dysfunction is a feature of both
prediabetes and T2D49,50, which was supported by linear associations of higher levels of
HbA1c and fasting plasma glucose with attenuated retinal and skin microvascular
responses. These findings are in line with earlier insufficiently‐adjusted studies, in which
small numbers of highly selected individuals were studied19,51,52. In contrast to those
studies, we expanded the validity of the findings to a population‐based level.
Importantly, all associations were independent of a broad array of major cardiovascular
risk factors.
We earlier showed significant interaction between on the one hand prediabetes and
T2D and on the other large‐artery endothelial dysfunction with regard to the risk of
macrovascular diseases53. This implies that individuals with prediabetes and T2D,
as compared to those without, are more vulnerable to the detrimental effects of
large‐artery endothelial dysfunction in the development of cardiovascular disease54.
Interactions may also be present between on the one hand prediabetes and T2D and on
the other microvascular endothelial dysfunction with regard to the risk of microvascular
diseases. Microvascular endothelial dysfunction has been associated with, and thus may
contribute to the development of these common diseases of microvascular origin9‐14.
Indeed it has been shown that both microvascular endothelial dysfunction and
microvascular diseases occur more frequently in individuals with prediabetes and T2D
than in those without31,35,49. Thus, our findings support the concept that microvascular
endothelial dysfunction precedes the clinical diagnosis of T2D and may contribute to the
development of microvascular diseases in prediabetes and T2D35.
In chapter 3 we demonstrated that prediabetes‐ and T2D‐associated retinal arteriolar
and skin microvascular dysfunction are mainly attributable to hyperglycemia.
Hyperglycemia may impair microvascular function, via the formation of advanced
glycation end products and/or reactive oxygen species, both of which can lead to
impaired nitric oxide bioavailability, by quenching endothelium‐derived nitric oxide and
directly inhibit nitric oxide synthase activity55‐60. However, a vicious circle may exist
between hyperglycemia and microvascular endothelial function61, as microvascular
endothelial function can cause hyperglycemia by impairing insulin secretion62 and/or by
impairing the timely access of glucose and insulin to their target tissue63.
In contrast, indices of insulin resistance, blood pressure, arterial stiffness, lipid
profile, and low‐grade inflammation did not significantly contribute to (pre)diabetes‐
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associated microvascular dysfunction. These findings were (partly) unexpected, and for
reasons explained below, need to be interpreted with caution. There is evidence that
each of these comorbid vascular risk factors is also linked to microvascular dysfunction,
through adverse effects on the insulin signaling pathway, impairment of nitric oxide
bioavailability, abnormal regulation of vasomotor tone, and/or increased detrimental
pulsatile flow45,61,64‐66.
First, the homeostatic model assessment (HOMA2)‐index we used to assess insulin
resistance may differ pathophysiologically from the hyperinsulinemic‐euglycemic clamp,
which is the gold standard67. Clamp‐derived insulin resistance mainly measures insulin‐
mediated glucose disposal in peripheral tissue such as muscle68, whereas HOMA2 better
reflects hepatic insulin resistance69. The HOMA2‐index we used was likely to be less
accurate than for instance the index of hyperglycemia (based on the oral glucose
tolerance test (OGTT)) and blood pressure (based on ambulatory 24‐h blood pressure
measures). Second, the frequent use of antihypertensive and lipid‐modifying medication
in individuals with prediabetes and T2D, likely caused the small differences in actual
blood pressure and lipid profile between individuals without and with T2D. These small
differences may have limited the possibility to assess a mediating effect of actual blood
pressure and/or lipid profile on (pre)diabetes‐associated microvascular endothelial
dysfunction. Indeed, the use of antihypertensive medication partly contributed to
microvascular endothelial dysfunction in (pre)diabetes, suggesting that previous
exposure to elevated blood pressure, rather than actual blood pressure may be
important. Third, the absence of a significant contribution of arterial stiffness on,
especially, (pre)diabetes‐associated retinal microvascular dysfunction was somewhat
unexpected, as the retina, as low‐impedance tissue, is known to be sensitive to the
higher flow pulsatility associated with arterial stiffnening70. Possibly, the difference in
arterial stiffness between individuals without and with (pre)diabetes was too small in
this relatively well‐treated population71. Last, inflammatory markers drawn from venous
plasma, as compared to local measurement, may have underestimated the contribution
of the low‐grade inflammation index on (pre)diabetes‐associated microvascular
endothelial dysfunction72.
From chapter 2 and 3 it follows that hyperglycemia itself, rather than the
cardiovascular risk context in which diabetes typically develops, is the main contributor
to the differences in retinal and skin microvascular function between individuals with
prediabetes or relatively well‐controlled T2D and individuals with normal glucose
metabolism (NGM). These findings suggest early and intensive glycemic control in
(pre)diabetes as a promising therapeutic target for the prevention of (pre)diabetes‐
associated microvascular endothelial dysfunction, with the final goal to reduce and/or
prevent microvascular diseases.

164

Summary and general discussion

(Modifiable) cardiovascular risk factors as determinants of retinal
arteriolar and skin microvascular endothelial function
Microvascular diseases not only occur in individuals with T2D, but are also common in
the general population. It is therefore important to unravel determinants of
microvascular endothelial dysfunction in the general population. As a consequence of
endothelial cell heterogeneity (i.e. diversity between endothelial cells depending on
their localization29) determinants of macrovascular endothelial dysfunction in the
general population, such as aging, male sex, hypertension, dyslipidemia, hyperglycemia,
higher waist circumference, and current smoking do not necessarily also have to be
determinants of microvascular endothelial dysfunction. In chapter 4 we investigated
whether determinants of macrovascular endothelial dysfunction were also determinants
of microvascular endothelial dysfunction. We demonstrated that aging and higher levels
of glycemia were inversely associated with retinal and skin microvascular vasodilation.
Male sex and current smoking were associated with impaired heat‐induced skin
hyperemia. 24‐h systolic blood pressure, waist circumference, and total‐to‐HDL
cholesterol ratio were not significantly associated with these microvascular functions.
As The Maastricht Study by design oversampled individuals with T2D, and it is known
that individuals with T2D have an adverse cardiovascular risk factor profile, we
investigated, with interaction analyses, whether associations between cardiovascular risk
factors and microvascular endothelial function were driven by the oversampling of
individuals with T2D. We found non‐significant interactions between any cardiovascular
risk factor and T2D with regard to retinal and skin microvascular function. This implies
that the associations observed in this T2D‐enriched population can be considered valid
for a non‐oversampled population, i.e. the general population73. For our findings this
means that aging and higher levels of glycemia, along its entire range, are associated
with impaired retinal and skin microvascular function, and that these associations were
not driven by the T2D oversampling. This again supports a detrimental effect of early
hyperglycemia on microvascular function, which is in line with the conclusions in
chapters 2 and 3.
Current smoking was associated with heat‐induced skin hyperemia, but not with
retinal arteriolar microvascular function, which is in line with earlier studies46,74.
Mechanistically, smoking may induce microvascular dysfunction via increased formation
of reactive oxygen species and/or inhibition of nitric oxide synthase activity75. The
absence of an association between smoking and retinal arteriolar microvascular
dysfunction was likely to be explained by detrimental effects of smoking on the ‘smaller’
microvasculature (such as those involved in heat‐induced skin hyperemia) and not on
the relatively large retinal arterioles we measured74. This was supported by the
observation from others, that smoking was indeed associated with impaired vasodilation
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of relatively large retinal venules74. This suggests that dysfunction of small retinal
arterioles and capillaries, leads to impaired downstream blood flow and thereby further
hampers the relatively passive venous vasodilation74.
The absence of associations of 24‐h systolic blood pressure and total‐to‐HDL
cholesterol ratio with retinal and skin microvascular function was unexpected, as earlier
small studies have shown microvascular dysfunction to be associated with elevated
blood pressure19 and hypercholesterolemia76. A potential explanation is that in this
relatively healthy and well‐treated population, the blood pressure and total‐to‐HDL
cholesterol ratio range was insufficiently broad for such associations to appear. In The
Maastricht Study, approximately 40% and 37% of the individuals used antihypertensive
and lipid‐modifying medication, respectively. In particular the use of angiotensin‐
converting‐enzyme (ACE)‐inhibitors may also directly have improved microvascular
endothelial function77.
The absence of an inverse association of higher waist circumference and/or body
mass index with retinal and skin microvascular function was unexpected43,63. Apparently,
waist circumference and body mass index do not affect microvascular function as
assessed here. However, earlier reports have shown that microvascular vasomotion78,
post‐occlusive reactive hyperemia79, and insulin‐mediated vasodilation63 are indeed
impaired in obese individuals. Mechanistically, higher waist circumference and/or body
mass index may induce microvascular dysfunction systemically, via an increase in
circulating adipose tissue‐derived factors, such as tumor necrosis factor‐α and free fatty
acids, and/or a decrease in the anti‐inflammatory adipokine adiponectin63, which may
consequently impair insulin‐mediated vasodilation63. In addition, adipokines released by
local fat deposits next to the microvasculature (i.e. perivascular adipose tissue), may
locally and directly inhibit vasodilatory pathways80.
From chapter 4 it follows that the pattern of associations between cardiovascular risk
factors and retinal and skin microvascular function partly resembles the one between
cardiovascular risk factors and macrovascular function. Thus, impairment of
microvascular function may constitute a pathway through which an adverse
cardiovascular risk factor pattern may increase risk of diseases of (partly) microvascular
origin.
In chapter 5 we examined associations of the modifiable cardiovascular risk factors;
levels of habitual physical activity and levels of sedentary time with skin and retinal
microvascular function. We hypothesized that these associations were stronger in
individuals with T2D as compared to those without, as hyperglycemia is a potent inducer
of impaired nitric oxide bioavailability81 and microvascular endothelial dysfunction49.
There were three novel findings. First, higher levels of habitual total and higher‐
intensity physical activity were independently associated with greater skin microvascular
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vasodilation in individuals with, but not in those without T2D. These findings are in line
with earlier smaller studies82,83, and are likely to be explained by beneficial effects of
physical activity on (hyperglycemia‐induced) impaired nitric oxide bioavailability84.
In individuals without T2D, physical activity‐induced improvement in skin microvascular
function may only be observed at higher intensities and longer duration of physical
activity than those in our study85,86, which explains the absence of an association in these
individuals. Second, habitual sedentary time was not associated with skin microvascular
function. This may be explained by frequent transient interruptions of habitual
sedentary behavior by walking and/or standing, in such a way that detrimental effects
did not appear87,88. Such interruptions have also been shown to be beneficial for
cardiovascular risk89. Third, habitual physical activity and sedentary behavior were not
associated with retinal microvascular function. This may be explained by autoregulation
of retinal blood flow, which during physical activity preserves stable retinal perfusion90,91,
and consequently does not increase shear stress, in order to maintain visual acuity.
In conclusion, results from chapter 5 suggest that increasing habitual daily physical
activity should be investigated as a means to improve microvascular function at least in
individuals with T2D.

Methodological considerations and challenges
The studies presented in this dissertation were based on data of The Maastricht Study,
an ongoing prospective population‐based cohort study that focuses on the etiology,
pathophysiology, complications, and comorbidities of T2D. The results need to be
interpreted in light of its methodological limitations. Internal and external validity as well
as causal inference will be discussed.

Internal validity
Internal validity refers to the approximate truth about inferences regarding the source
population34. In cohort studies, confounding, overadjustment bias, information bias, and
selection bias may be potential threats to the internal validity.

Confounding and overadjustment bias
Confounding occurs when a third variable affects the association between the variable
of interest and outcome92. To minimize the possibility of confounding, an extensive
phenotyping approach of individuals of The Maastricht Study was used, which enabled
us to correct for various potential confounders in the regression models. However, in
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observational studies, it is impossible to fully exclude the possibility of residual
confounding, for instance caused by errors in the measurement of confounders and/or
unmeasured confounders34. For example, the set of confounders we used may not truly
reflect cumulative lifetime exposure. In addition, data on dietary habits, which may
affect microvascular endothelial function93,94, were not yet available. To test the
robustness of our findings, we conducted several sensitivity analyses, with extra
confounders and/or substitution of confounders in the regression models. All these
sensitivity analyses gave qualitatively similar results and only marginally changed
regression coefficients when compared to the main regression model. This makes it
unlikely that residual confounding has influenced the associations reported.
As a consequence of the adjustment for multiple confounders, overadjustment bias95
may have occurred. Overadjustment bias leads to underestimation of associations and
may occur when analyses are adjusted for a proposed confounder that could also act as
1) an intermediate (between determinant and outcome) and/or 2) a proximal causal
factor (a factor that lies in the causal pathway prior to the determinant), and/or 3) a
proxy of the outcome95. To minimize the effects of overadjustment bias, we constructed
different regression models. These were based on covariates grouped according to their
putative roles, and we examined changes in regression coefficients after sequentially
adding these groups of variables to the regression models. The regression models in
which we adjusted for (diabetic) retinopathy, nephropathy, and history of cardiovascular
disease are likely overadjusted as those diseases have a (micro)vascular origin. Results
from these models should therefore be interpreted conservatively.

Measurement and information bias
Errors in the measurement of determinants and outcomes (measurement bias) may
result in biased associations between determinants and outcomes (information bias)34.
In this section we will discuss the validity of the primary outcome variables (flicker light‐
induced retinal arteriolar dilation and heat‐induced skin hyperemia) and (modifiable)
cardiovascular risk factors as determinants of retinal and skin microvascular endothelial
function.
Flicker light‐induced retinal arteriolar dilation and heat‐induced skin hyperemia were
used as direct reproducible96,97 estimates of microvascular endothelial function.
Measurement bias may have occurred in two ways. First, impairments in both these
responses reflect decreased bioavailability of nitric oxide and are therefore likely a
reflection of microvascular endothelial dysfunction36,37. However, both responses may
also depend on intact neuronal37,41 (e.g. for the retina; neurovascular coupling, for the
skin; axonal reflexes) and vascular smooth muscle cell functioning40. It is therefore
important to acknowledge that stimulus‐induced retinal arteriolar and skin vasodilation
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may not purely be a reflection of microvascular endothelial function. Second, as a
consequence of the deep phenotyping approach of The Maastricht Study, we were not
fully able to measure microvascular function under strict standardized conditions (e.g. in
a fasting state, after abstention of exercise for a specific period of time, after an
extensive acclimatization period prior to the measurement, and/or with measurements
performed only at a fixed time of the day (to avoid diurnal influences)). However, to
minimize information bias as a consequence of dietary influences on the
microcirculation93,94, participants were asked to refrain from caffeine consumption and
smoking at least 3 hours before the measurement and were only allowed to have a light
meal (breakfast and/or lunch), low in fat content, at least 90 minutes before the
measurement. In addition, skin measurements were performed in a climate‐controlled
room (24˚C) after ~10 minutes acclimatization. To reduce diurnal influences on
microvascular function, participants of The Maastricht Study were randomly assigned to
morning, afternoon, or evening measurement time slots. In addition, analyses
(in chapter 5) were adjusted for the part of the day in which the measurement was
performed. This did not change the associations reported.
Another type of measurement bias may occur when data are expressed incorrectly.
In this dissertation, flicker light‐induced retinal arteriolar dilation and heat‐induced skin
hyperemia, were generally expressed as percentage increase from baseline retinal
arteriolar diameter and skin blood flow, respectively. The widespread use of ratio
variables (percentages) in medical research is generally accepted and implemented
mainly because of two reasons; first, there is a need for standardization in clinical and
epidemiological studies; second, a ratio variable incorporates two variables (baseline
value and post‐stimulus value) in a single measure that can be used in multivariable
linear regression models98. However, some studies argue that ratio variables are
statistically inefficient as data expressed in percentages do not accurately scale across
the range of baseline values98‐100. As we acknowledge this possible drawback, we
additionally analyzed our data when we used flicker light‐induced increase
(in measurement units) in retinal arteriolar diameter from baseline diameter, or heat‐
induced increase in skin blood flow (in perfusion units) from skin baseline blood flow, as
outcomes, rather than their percentages. All these additional analyses did not materially
change our results and conclusions, which highlights the robustness of our findings.
In chapters 2 and 3 we used the OGTT to classify prediabetes and T2D in order to
investigate whether microvascular dysfunction is a feature of both prediabetes and T2D.
However, the OGTT may misclassify. Therefore it is important to speculate on whether
misclassification could have biased our results; specifically, whether misclassification of
(untreated) individuals with T2D as having prediabetes could have caused an
overestimation of microvascular dysfunction in prediabetes. Whether misclassification
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has occurred or not, the finding of microvascular dysfunction in prediabetes with
deterioration in T2D was supported by significant inverse linear associations between
measures of hyperglycemia and retinal and skin microvascular function. In addition, for
reasons described below, we consider it likely that our results actually underestimate
rather than overestimate microvascular dysfunction in prediabetes.
An OGTT does not have perfect reproducibility and therefore misclassification
(here defined as a second OGTT that does not yield the same classification as the first)
occurs, and has been quantified in individuals with NGM, prediabetes, and T2D101.
However, and crucially, misclassification will occur in all directions, of prediabetes as T2D
and vice versa; of prediabetes as NGM and vice versa; etcetera. It is important to note
that misclassification of T2D as prediabetes will cause overestimation of microvascular
dysfunction in prediabetes. However, misclassification of 1) prediabetes as NGM, of 2)
NGM as prediabetes, and 3) of prediabetes as T2D will all cause underestimation of
microvascular dysfunction in prediabetes. Direct misclassification of NGM as T2D or of
T2D as NGM could be neglected101. Thus, it follows that the net result of these two
opposing types of misclassification is likely to be an underestimation of microvascular
dysfunction in prediabetes. The more so because in our study (in contrast to101) the
NGM group is much larger than the prediabetes group; the quantitatively largest
misclassification will therefore be of NGM as prediabetes, i.e. a type of misclassification
that results in underestimation.
Importantly, the term ‘misclassification’ may be considered questionable, because
the OGTT is the current gold standard and so its results are ‘true’ by definition. In the
example101, the second OGTT is considered the gold standard. A better approach would
have been to use the mean of both OGTTs as the gold standard, but these calculations
were not available to us. Given abovementioned considerations, we conclude that
misclassification is likely to have occurred, but will likely have resulted in
underestimation (bias towards the null) of microvascular dysfunction in prediabetes and
therefore did not affect the conclusions of the studies reported in chapters 2 and 3 of
this dissertation.
In chapter 4 we investigated whether major cardiovascular risk factors were
determinants of retinal arteriolar and skin microvascular function. Cardiovascular risk
factors and microvascular function were measured according to well‐accepted methods
with state of the art technologies42. In order to investigate the robustness of the
associations (and minimize information bias) of blood pressure, obesity, hyperglycemia,
and smoking with microvascular function, we substituted determinants in the analyses
(e.g. waist circumference for body mass index, fasting plasma glucose for HbA1c or
2‐h postload glucose, 24‐h systolic blood pressure for 24‐h diastolic blood pressure,
24‐h mean arterial pressure, or 24‐h pulse pressure, and smoking status for pack‐years
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of smoking). In particular 24‐h ambulatory blood pressure is a very accurate measure of
blood pressure, which is not prone to the ‘white coat’ effect that may occur when
measured in the office. In addition, earlier studies have shown that cardiovascular risk
was better predicted by 24‐h ambulatory blood pressure than office blood pressure102.
In chapter 5 we used the activePAL3TM accelerometer to objectively measure daily
levels of habitual physical activity and sedentary time, which in contrast to self‐reported
questionnaires are more precise103 and not affected by report bias104. One important
drawback of the accelerometer is that information about the context (e.g. leisure or
work‐related, individually or in groups) and type (e.g. desk work, driving, or watching
television) of physical activity and sedentary behavior is unknown. In addition to the
length of time the accelerometer was worn (in this study 24 hours a day), the total
number of days it was worn (in this study 8 consecutive days) is also important to
outbalance irregularities in physical activity and sedentary behavior levels as a
consequence of awareness due to wearing the device. Participants of The Maastricht
Study were highly compliant wearing the accelerometer; namely 6.3 valid days, which is
longer than required for adequate assessment of sedentary behavior and close to that
required for optimal estimation of physical activity105.

Selection of the study population
Associations in a study may differ from those observed in the source population when
participants are selectively included (selection bias)34. Selection bias can be caused by
factors that influence study participation (e.g. self‐selection bias) and/or procedures
used to selectively include participants (e.g. complete‐case analysis)34. In The Maastricht
Study, self‐selection bias may likelier have resulted in underestimations, rather than
overestimations of the associations (chapters 2, 3, 4, and 5) and mediation effects
reported (chapter 3). As participants in The Maastricht Study were asked if they were
able and/or willing to participate in 3 half‐day visit rounds, relatively healthy and/or
well‐treated individuals may consequently have been attracted (i.e. individuals with an
unhealthy vascular risk profile and/or longstanding diabetes, were less likely to
participate as a consequence of the disease and/or (vascular) complications). Indeed,
self‐selection bias has earlier been shown to occur in population‐based studies, in which
participants were healthier than non‐responders106,107.
A second type of selection bias may have occurred as we used a complete‐case
analysis approach in which participants with missing data were excluded. In our studies,
data were missing in approximately 35‐65% of the participants (mainly due to logistical
reasons (e.g. device unavailability or no trained researcher available to perform the
measurement)). If missing values caused by this complete‐case analysis approach are
completely at random, results remain unbiased108. In the studies described in this
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dissertation, individuals excluded from the analyses due to missing data on retinal or
skin reactivity measurements and/or covariates were highly comparable to individuals
included in the study populations with regard to age, sex, and cardiometabolic risk
profile. We therefore assume it unlikely that selection bias has affected the associations
reported.

Temporality of the associations
The present dissertation enhanced the understanding of (pre)diabetes‐associated
microvascular endothelial dysfunction and highlights which cardiovascular risk factors
are determinants of, and thus may contribute to, microvascular dysfunction in the
general population. However, we should emphasize that data were cross‐sectional.
In chapter 3, we conducted mediation analyses to investigate whether metabolic and
vascular risk factors contribute to (pre)diabetes‐associated microvascular dysfunction, in
order to carefully investigate causality. However, cross‐sectional studies do not formally
allow drawing conclusions of direct causality of associations, as associations may be
prone to the possibility of reverse causality109. Implications about causality should
therefore be provided with caution. In chapters 4 and 5, reverse causality obviously is
not an issue for associations of age and sex with microvascular dysfunction. However,
reverse causality may be especially relevant for hyperglycemia61 (i.e. microvascular
dysfunction may lead to impaired timely access of glucose and insulin to their target
tissues63 as well as impaired insulin secretion62), hypertension (i.e. microvascular
dysfunction may increase peripheral resistance)110, dyslipidemia (i.e. microvascular
dysfunction may impair action of endothelial‐bound lipoprotein lipase, and thereby
hamper triglyceride utilization, which may lead to increased plasma triglycerides and
reduced HDL‐cholesterol)111, and physical activity (i.e. microvascular dysfunction may
lead to suboptimal delivery of oxygen and nutrients to tissues (e.g. muscle) on
demand61, and therefore may hamper physical activity). Despite the limitations of cross‐
sectional data, we believe this dissertation is an important first step in understanding the
complexity of the pathophysiology of microvascular dysfunction on a population‐based
level. Longitudinal studies are needed to further clarify the temporality of the
associations reported.

External validity
External validity is the extent in which results of a study can be generalized to other
situations and/or to other people (e.g. populations)95. The design of The Maastricht
Study at least allows generalizability of our findings to middle‐aged and older individuals
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of Caucasian origin. However, associations may differ in populations with a different
distribution of determinants. Chapter 4 showed hyperglycemia, aging, current smoking,
and male sex as determinants of microvascular function on a population‐based level.
Therefore, our results may not be representative for populations‐based studies, in which
by design, predominantly males, current smokers, and/or only elderly people were
included. In addition, our findings may not necessarily be translatable to other racial or
ethnic groups.

Conclusions and future directions
The overarching aim of this dissertation was to provide more insight into the
pathophysiology of microvascular endothelial dysfunction, an important underlying
mechanism in common diseases such as heart failure, (lacunar) stroke, cognitive decline,
depression, chronic kidney disease, retinopathy, and neuropathy. These diseases occur
in the general population and more frequently in individuals with T2D and put an
enormous burden on patients, their families, and social health care systems. We
therefore explored determinants of microvascular endothelial dysfunction in individuals
with and without T2D.
In conclusion, using an epidemiological approach, we showed that prediabetes and
T2D are associated with retinal and skin microvascular endothelial dysfunction. Indeed
continuous levels of glycemia below the clinical threshold of T2D were already
associated with microvascular dysfunction. Hyperglycemia itself, rather than the
cardiovascular risk context associated with (pre)diabetes, is the main contributor to
(pre)diabetes‐associated impaired retinal and skin microvascular function. In individuals
with T2D, higher levels of physical activity were associated with greater skin
microvascular endothelial function. These findings suggest that early and intensive
treatment of hyperglycemia as well as increasing physical activity should be investigated
as a means to improve microvascular function in T2D. These findings may open the
discussion on the implementation of screening for prediabetes and/or early treatment of
individuals with prediabetes with glucose‐lowering medication112. However, future
research should first focus on how to implement and improve screening programs for
chronic (mild) hyperglycemia. In addition, the benefits of screening and early treatment
on outcomes, such as reductions in micro‐ and macrovascular complications, transition
from prediabetes to T2D, side‐effects, cost‐efficiency, and quality of life should be
further investigated113.
In addition, in the general population, aging and hyperglycemia were associated with
retinal and skin microvascular endothelial dysfunction, and male sex and smoking were
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associated with skin microvascular endothelial dysfunction. This implicates that the
pattern of associations between cardiovascular risk factors and retinal and skin
microvascular function partly resembles the one between cardiovascular risk factors and
macrovascular function. Thus, impairment of microvascular function may constitute a
pathway through which an adverse cardiovascular risk factor pattern may increase risk
of diseases of (partly) microvascular origin. Importantly, all associations were
independent of major cardiovascular risk factors and were based on data derived from a
population‐based study, which expanded the evidence of the associations as found in
small studies with selected patient groups to the general population.
As all conclusions in this dissertation were based on cross‐sectional data, longitudinal
studies are needed to further investigate temporality. The Maastricht Study represents a
valuable cohort for the investigation of longitudinal associations between determinants
and microvascular endothelial function. Annual follow‐up on mortality, morbidity, and
disease development is already in progress, and follow‐up measurements of
determinants and microvascular function will be planned as soon as budget becomes
available. A longitudinal design should elucidate whether adverse cardiometabolic risk
factors increase the risk of microvascular diseases via impairments in microvascular
endothelial function. From a clinical point of view, physicians should be aware of
individual risk factors or clustering of risk factors of microvascular endothelial
dysfunction in their patients. The effect of strategies which target these risk factors
should be investigated with regard to the efficacy of improving microvascular
endothelial function. The ultimate goal is to reduce and/or prevent common diseases of
microvascular origin such as heart failure, (lacunar) stroke, depression, cognitive decline,
retinopathy, chronic kidney disease, and neuropathy.
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Type 2 diabetes (T2D) is een chronische stofwisselingsziekte gekenmerkt door
verhoogde glucosewaarden in het bloed. Deze aandoening komt voor bij ruim
1,2 miljoen Nederlanders. Daarnaast heeft ook een groot aantal mensen diabetes, of
een voorstadium van diabetes dat prediabetes wordt genoemd, zonder het te weten.
Van prediabetes is sprake wanneer de glucosewaarden licht verhoogd zijn maar nog niet
zo hoog dat het T2D genoemd wordt. Verhoogde glucosewaarden kunnen leiden tot
chronische schade aan zenuwen (neuropathie), ogen (retinopathie) en nieren
(nefropathie), de zogenoemde microvasculaire ziekten. Andere veelvoorkomende
ziekten die een deels microvasculaire oorzaak hebben zijn hartfalen, (lacunaire)
beroerte, depressie en cognitieve achteruitgang. Verhoogde glucosewaarden kunnen
ook leiden tot ziekten aan de grote vaten, de zogenoemde macrovasculaire ziekten,
zoals een hartinfarct, perifeer arterieel vaatlijden en een beroerte. Naast de verhoogde
bloedglucosewaarden gaat T2D, maar ook prediabetes, meestal gepaard met een
ongunstig cardiovasculair risicoprofiel bestaande uit bijvoorbeeld hypertensie,
overgewicht, laaggradige inflammatie en dislipidemie. Deze risicofactoren verhogen de
kans op het krijgen van macrovasculaire en microvasculaire ziekten. Een ongunstig
cardiovasculair risicoprofiel kan ook zonder de aanwezigheid van (pre)diabetes leiden tot
deze ziekten.
De microcirculatie bestaat uit alle vaten kleiner dan 200‐150 µm in diameter en
omvat de arteriolen, capillairen en venulen. De microcirculatie speelt een belangrijke rol
bij het transport en de uitwisseling van zuurstof, voedingsstoffen en hormonen naar de
weefsels. Daarnaast is de microcirculatie belangrijk bij de regulering van de perifere
vaatweerstand waardoor grote fluctuaties in hydrostatische druk op het niveau van de
capillairen worden voorkomen zodat de lokale bloeddruk optimaal is voor uitwisseling.
Belangrijk voor deze functies is een goede balans tussen microvasculaire vaatverwijding
en vaatvernauwing. De binnenbekleding van de bloedvatwand, bestaande uit
endotheelcellen, speelt hierbij een belangrijke rol. Verschillende uit endotheelcellen
afkomstige stoffen (bijvoorbeeld stikstofmonoxide en endotheel afkomstig hyper‐
polariserende factor (EDHF)) zijn vaatverwijders. Endotheline‐1, ook afkomstig uit het
endotheel, zorgt juist voor vaatvernauwing. Endotheelcellen komen voor in alle
bloedvaten, zowel in de macro‐ als in de microcirculatie. In dit proefschrift onderzochten
wij microvasculaire endotheelfunctie, gemeten in het oog en in de huid als
respectievelijk flikker licht geïnduceerde retinale arteriolaire vaatverwijding en hitte
geïnduceerde huidhyperemie. Beide vaatverwijdingsresponsen zijn afhankelijk van de
biobeschikbaarheid van stikstofmonoxide. Een verminderde stimulus geïnduceerde
microvasculaire vaatverwijdingsrespons van retina en/of huid werd gedefinieerd
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als microvasculaire endotheeldisfunctie, mogelijk in combinatie met gladde
spierceldisfunctie en/of neuronale disfunctie.
Microvasculaire endotheeldisfunctie is een belangrijk onderliggend mechanisme van
veelvoorkomende ziekten zoals hartfalen, (lacunaire) beroerte, depressie, cognitieve
achteruitgang, retinopathie, chronisch nierfalen en neuropathie. Deze ziekten komen
voor in de algemene populatie en vaker bij mensen met (pre)diabetes, en vormen een
enorme belasting voor de patiënten, hun families en het zorgsysteem. Een mogelijke
aanpak om deze ziekten te voorkomen is het tegengaan van microvasculaire
endotheeldisfunctie. Eerst dient bekend te zijn welke (cardiovasculaire) risicofactoren
daarmee geassocieerd zijn en daar dus mogelijk aan kunnen bijdragen. In dit proefschrift
ligt de focus op het ontrafelen van determinanten van microvasculaire endotheelfunctie
bij mensen met en zonder T2D.
Van macrovasculaire endotheeldisfunctie is al langer bekend dat het voorkomt bij
mensen met prediabetes en T2D. De aanwezigheid van macrovasculaire disfunctie bij
prediabetes kan verklaren waarom mensen met prediabetes, of mensen die nog niet zo
lang gediagnosticeerd zijn met T2D, al wel macrovasculaire ziekten kunnen hebben (de
zogenoemde “tikkende klok” hypothese). Het is echter onbekend of eenzelfde
hypothese ook geldt voor microvasculaire endotheeldisfunctie, wat kan verklaren
waarom mensen met prediabetes of mensen die pas net zijn gediagnosticeerd met T2D
al wel microvasculaire ziekten kunnen hebben. Belangrijke metabole kenmerken van T2D
zijn insulineresistentie en hyperglykemie. Daarbij gaat T2D vaak gepaard met een
ongunstig cardiometabool risicoprofiel bestaande uit hypertensie, arteriële vaatstijfheid,
dislipidemie en laaggradige inflammatie. We onderzochten of deze metabole en
vasculaire risicofactoren bijdragen aan met (pre)diabetes geassocieerde microvasculaire
disfunctie.
In de algemene populatie zijn veroudering, het mannelijk geslacht, dislipidemie,
hyperglykemie (zoals bij prediabetes en T2D), hoge bloeddruk, verhoogde
middelomtrek, roken, weinig fysieke activiteit en veel zitten belangrijke determinanten
van macrovasculaire ziekten. Dit kan mogelijk verklaard worden door endotheel‐
disfunctie in de grote vaten, atherosclerose en/of arteriële vaatstijfheid. Als gevolg van
endotheelcel heterogeniteit (het gegeven dat endotheelcellen verschillen in functie en
structuur, afhankelijk van hun lokalisatie), betekent dit niet dat microvasculaire
endotheelfunctie dezelfde determinanten heeft. Veel van de risicofactoren voor
macrovasculaire ziekten zijn echter ook geassocieerd met microvasculaire ziekten. Onze
hypothese is dat deze risicofactoren ook determinanten zijn van microvasculaire
endotheelfunctie.
In het licht van bovenstaande had dit proefschrift 3 doelstellingen. Ten eerste, meer
inzicht krijgen in de aanwezigheid van microvasculaire endotheeldisfunctie bij mensen
met prediabetes en T2D (hoofdstuk 2). Vervolgens werd nagegaan of, en welke,
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metabole en vasculaire risicofactoren bijdragen aan met (pre)diabetes geassocieerde
microvasculaire endotheeldisfunctie (hoofdstuk 3). Ten tweede, onderzoeken of, en
welke, cardiovasculaire risicofactoren determinanten zijn van microvasculaire
endotheeldisfunctie (hoofdstuk 4). Ten derde, het bestuderen van dagelijkse fysieke
activiteit en zitgedrag als mogelijke beïnvloedbare risicofactoren voor microvasculaire
endotheeldisfunctie (hoofdstuk 5).
Alle doelstellingen in dit proefschrift werden onderzocht met gegevens van de eerste
3451 deelnemers van de De Maastricht Studie. Dit is een grootschalig lopend
bevolkingsonderzoek naar T2D, de complicaties hiervan en andere vaak met T2D
geassocieerde chronische aandoeningen. Het onderzoek wordt uitgevoerd bij personen
van 40‐75 jaar die woonachtig zijn in de regio Maastricht‐Heuvelland. Een
epidemiologische benadering, met een grootschalig bevolkingsonderzoek, heeft
verschillende voordelen ten opzichte van kleinschalige (interventie) studies. 1) Het geeft
de mogelijkheid om verschillende determinanten en uitkomsten te bepalen en te
onderzoeken. 2) De kans op bias in de associaties is kleiner (als gevolg van de correctie
voor verschillende veronderstelde confounders). 3) De bevindingen kunnen vertaald
worden naar tenminste de bronpopulatie en mogelijk ook de algemene bevolking.
In hoofdstuk 2 onderzochten en bevestigden wij de hypothese dat microvasculaire
endotheeldisfunctie (van de retinale arteriole en de huid) al aanwezig is bij mensen met
prediabetes en verslechtert bij T2D. De regressiecoëfficiënt van prediabetes was
consistent ~1/2 tot 1/4 ten opzichte van de regressiecoëfficiënt van mensen met T2D.
De interpretatie van deze stapsgewijze afname in microvasculaire endotheelfunctie met
verslechtering van glucosetolerantie werd ondersteund door de significante lineaire
associaties tussen hogere waarden van hemoglobine A1c en nuchtere bloedglucose met
verslechterde microvasculaire functie van retina en huid.
In hoofdstuk 3 onderzochten wij door middel van mediatieanalyse of, en welke, vaak
met (pre)diabetes geassocieerde, metabole en vasculaire risicofactoren (zoals
hyperglykemie, insulineresistentie, verhoogde bloeddruk, arteriële vaatstijfheid,
dislipidemie en laaggradige inflammatie) bijdragen aan met (pre)diabetes geassocieerde
microvasculaire endotheeldisfunctie. De resultaten lieten zien dat hyperglykemie zelf het
meeste bijdroeg aan zowel met prediabetes als T2D geassocieerde microvasculaire
endotheeldisfunctie van retina en huid. In tegenstelling droegen andere ongunstige
cardio‐vasculaire risicofactoren zoals insulineresistentie, verhoogde bloeddruk, arteriële
vaatstijfheid, dislipidemie en laaggradige inflammatie niet bij aan deze disfunctie.
In hoofdstuk 4 onderzochten wij of cardiovasculaire risicofactoren als determinanten
van macrovasculaire endotheeldisfunctie, namelijk veroudering, het mannelijk geslacht,
dislipidemie, hyperglykemie (zoals bij prediabetes en T2D), hoge bloeddruk, verhoogde
middelomtrek en roken ook determinanten zijn van microvasculaire endotheeldisfunctie.
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Veroudering en hyperglykemie waren geassocieerd met zowel microvasculaire disfunctie
van retina als huid. Bovendien hadden mannen en huidige rokers een lagere
microvasculaire functie in de huid dan vrouwen en niet‐rokers. De 24‐uurs systolische
bloeddruk, middelomtrek en het cholesterolprofiel waren niet significant geassocieerd
met deze microvasculaire functiematen. Dit onderzoek toont aan dat cardiovasculaire
risicofactoren voor microvasculaire endotheeldisfunctie gedeeltelijk overeenkomen met
de determinanten van macrovasculaire endotheeldisfunctie.
In hoofdstuk 5 onderzochten wij de associaties tussen beïnvloedbare risicofactoren,
zoals weinig fysieke activiteit en veel zitgedrag, en microvasculaire endotheeldisfunctie
van retina en huid. Bovendien onderzochten wij of deze associaties sterker waren bij
mensen met T2D vergeleken met mensen zonder T2D. Er waren 3 nieuwe bevindingen.
Ten eerste toonden wij aan dat bij mensen met T2D zowel meer totale beweging als
meer zware inspanning geassocieerd waren met betere microvasculaire vaatverwijding
in de huid. Deze associatie was niet aanwezig in mensen zonder T2D. Ten tweede bleek,
bij zowel mensen met als zonder T2D, zitgedrag niet geassocieerd te zijn met
microvasculaire endotheeldisfunctie in de huid. Ten derde, en zoals verwacht, waren er
geen associaties tussen fysieke activiteit en zitgedrag enerzijds en retinale arteriolaire
microvasculaire functie anderzijds. Autoregulatie van de retinadoorbloeding kan
hiervoor een verklaring zijn.

Conclusies
Het overkoepelende doel van dit proefschrift was om meer inzicht te krijgen in de
determinanten van microvasculaire endotheeldisfunctie bij mensen met en zonder T2D.
Uit hoofdstuk 2 en 3 volgt dat microvasculaire endotheeldisfunctie zowel voorkomt
bij mensen met prediabetes en T2D. (Vroege) hyperglykemie draagt het meest bij aan de
met (pre)diabetes geassocieerde microvasculaire disfunctie, in tegenstelling tot andere
cardiovasculaire risicofactoren die niet significant bijdroegen. De resultaten uit
hoofdstuk 5 toonden aan dat bij mensen met T2D zowel meer totale beweging als meer
zware inspanning geassocieerd waren met grotere microvasculaire hyperemie van de
huid. Samengenomen suggereren deze resultaten dat bij mensen met T2D een vroege
en intensieve hyperglykemische controle evenals meer bewegen aanknopingspunten zijn
voor therapeutische strategieën om microvasculaire endotheeldisfunctie te verminderen
dan wel tegen te gaan.
In hoofdstuk 4 toonde wij op populatieniveau aan dat verschillende cardiovasculaire
risicofactoren zoals veroudering, mannelijk geslacht, hyperglykemie (zoals bij
prediabetes en T2D) en roken geassocieerd waren met microvasculaire
endotheeldisfunctie van de retinale arteriole en/of huid. Dit onderzoek verruimt het
bewijs van cardiovasculaire risicofactoren als determinanten van microvasculaire
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endotheeldisfunctie, zoals gevonden in kleine studies met sterk geselecteerde patiënten
groepen, naar de doorsnee bevolking. Microvasculaire disfunctie zou een ‘pathway‘
kunnen vormen waardoor een ongunstig cardiovasculair risicoprofiel de kans op ziekten
met een microvasculaire oorzaak verhoogt.
Alle associaties waren gebaseerd op cross‐sectionele gegevens en waren
gecorrigeerd voor, en dus onafhankelijk van, belangrijke cardiovasculaire risicofactoren
(zoals leeftijd, geslacht, bloeddruk, body mass index, het cholesterolgehalte en de
voorgeschiedenis van hart‐ en vaatziekten). Door deze correcties is getracht de kans op
rest confounding in de gevonden associaties zo klein mogelijk te houden. Uit cross‐
sectionele gegevens kunnen geen directe uitspraken over oorzaak‐gevolg gedaan
worden, hiervoor zijn longitudinale onderzoeken nodig. Deze longitudinale onderzoeken
zouden ten doel kunnen hebben om te ontrafelen of een ongunstig cardiovasculair
profiel, bij mensen met dan wel zonder T2D, een verhoogd risico geeft op
microvasculaire ziekten via microvasculaire endotheeldisfunctie. Vanuit een klinisch
oogpunt is het doel om individuele en/of clusters van risicofactoren aan te grijpen om
zodoende microvasculaire endotheeldisfunctie te voorkomen. Het uiteindelijke doel is
de vermindering en/of het voorkomen van veelvoorkomende ziekten met een
microvasculaire origine zoals hartfalen, (lacunaire) beroerte, depressie, cognitieve
achteruitgang, retinopathie, chronisch nierfalen en neuropathie.
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Valorization addendum
Knowledge valorization can be defined as the “process of creating value from
knowledge, by making knowledge suitable and/or available for societal purposes, and
suitable for translation into competitive products, services, processes, and new
commercial activities” (adapted definition based on the National Committee Valorization
2011:8). In this addendum we describe how society may benefit from the work
conducted in this dissertation.
The results in this dissertation were based on data of the first 3451 participants of
The Maastricht Study, an observational prospective population‐based cohort study,
which is unique for its extensive phenotyping of individuals including a comprehensive
characterization of microvascular function1. The Maastricht Study is currently one of the
world’s largest studies on type 2 diabetes (T2D), its complications, and comorbidities and
aims to include 8000 participants by the end of 2018. The deep phenotyping approach
allowed the investigation of the associations of different (modifiable) cardiovascular risk
factors with microvascular function (assessed as flicker light‐induced retinal arteriolar
dilation and heat‐induced skin hyperemia). Through The Maastricht Study several
collaborations with (inter)national universities have been established, which further
improve the reputation of Maastricht and the university.
This dissertation focused on microvascular (endothelial) dysfunction, an important
underlying mechanism in common diseases such as heart failure2, (lacunar) stroke3,
cognitive decline4, depression5, chronic kidney disease6, retinopathy7, and neuropathy7,
which occur in the general population and more frequently in individuals with T2D8.
These microvascular diseases put an enormous burden on patients, their families, and
social health care systems. Therefore, it is important to explore determinants of
microvascular dysfunction. Although the findings in this dissertation may not lead to
societal benefits at first glance, they have increased insight into the pathophysiology of
microvascular dysfunction, which adds new fuel to future research initiatives.
The first key finding of this dissertation is that generalized microvascular dysfunction
is a feature of both prediabetes (which affects 21% of the individuals in our study
population, with an even higher prevalence in American cohort studies9) and T2D10, and
was mainly attributable to hyperglycemia11. This indicates that microvascular risk already
starts before the onset of T2D, which may consequently explain the increased risk of
microvascular diseases in prediabetes and early T2D (ticking clock hypothesis12). These
findings may open the discussion on the implementation of screening for prediabetes
and/or early treatment of individuals with prediabetes with glucose‐lowering
medication13. Obviously, attempts to prevent prediabetes, for instance by stimulating a
healthy lifestyle, should have the highest priority. According to the Dutch guidelines for
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cardiovascular risk assessment, individuals with mild hypertension and/or dyslipidemia
are advised to adopt a healthy lifestyle, and importantly, also qualify for
antihypertensive and/or lipid‐modifying medication when their cumulative
cardiovascular risk is (highly) elevated14. Currently no such (low‐threshold) guideline for
prevention and treatment of early hyperglycemia (including prediabetes) exists,
although this may lead to fewer transitions from prediabetes to T2D15. Early treatment
with metformin may be an option, as it has been shown to improve microvascular
function16 and is generally well‐tolerated15. However, future research should first focus
on how to implement and improve screening programs for chronic (mild) hyperglycemia.
In addition, the benefits of screening and early treatment on outcomes such as
reductions in micro‐ and macrovascular complications, reduction in transition from
prediabetes to T2D, side‐effects, cost‐efficiency, and quality of life should be further
investigated17.
Another key finding of this dissertation was the identification of cardiovascular risk
factors, such as hyperglycemia (as in prediabetes and T2D), aging, male sex, smoking,
and low levels of physical activity, as determinants of microvascular (endothelial)
dysfunction in the general population. Hence, from a clinical point of view, efficacy of
strategies which target these risk factors in order to prevent microvascular dysfunction,
and thereby to reduce risk of microvascular diseases, should be examined. Physicians
should be aware of individual clustering of these risk factors as well as combinations of
them and the concordant increased microvascular risk. In addition, physicians should
encourage individuals to adopt a healthy lifestyle by stimulating physical activity and
healthy eating as they have been shown to be associated with ameliorated glycemic
levels (i.e. consequently may lower the prevalence of T2D)18, which may coincide with
improved microvascular function19, 20. Importantly, our results demonstrated that
physical activity may especially be beneficial for microvascular function in individuals
with T2D. Based on our data, the results are promising, as only 10 extra minutes of
higher‐intensity physical activity per day are already associated with a 6.3% greater skin
microvascular endothelial function, in individuals with T2D. However, the necessary
beneficial amounts of physical activity and possible health effects of breaking up
sedentary time on microvascular disease outcome deserve further investigation before
physical activity healthcare guidelines can be revised. In addition, early treatment of
elevated blood pressure and dyslipidemia and stimulation of smoking cessation are likely
other valuable targets to prevent or reduce microvascular dysfunction. Besides a role for
physicians in helping individuals to adopt a healthy lifestyle, for instance via motivational
counselling, population‐based strategies to promote healthy living should be expanded;
for instance via targeted television campaigns, (school) education, and awareness of
product warning labelling (i.e. dissuasive pictures on smoking packages)21.
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Although the conclusions of this dissertation are relevant for clinic and society, it
should be noted that associations presented here were based on cross‐sectional data.
Therefore future longitudinal data are eagerly awaited to elucidate the temporality of
the associations reported. The Maastricht Study is a valuable cohort study for follow‐up
measurements. Ideally, both cardiovascular risk factors and microvascular function are
measured during follow‐up, taking into account an adequate follow‐up time for the risk
factors to exert an (deleterious) effect on microvascular function. Importantly, annual
follow‐up questionnaires on morbidity, mortality, and complications have already been
introduced in The Maastricht Study and may soon add valuable new information on
whether impairment of microvascular function may constitute a pathway through which
an adverse cardiovascular risk factor pattern may increase risk of diseases of (partly)
microvascular origin.
In conclusion, in this addendum, several research initiatives have been described
which can be translated into new PhD projects. The results of this dissertation contribute
to a better understanding of which cardiovascular risk factors are associated with
microvascular (dys)function on a population‐based level. Further longitudinal studies
should elucidate temporality of the associations reported. In addition, physicians should
be aware of individual risk factors or clustering of risk factors in their patients, motivate
them to adopt a healthy lifestyle, and eventually treat prediabetes, in order to reduce
the concordant microvascular risk. The ultimate goal is to prevent, and/or reduce the
risk of diseases which are partly or wholly of microvascular origin.
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