
Endocrine and Metabolic Science 2 (2021) 100073 

Contents lists available at ScienceDirect 

Endocrine and Metabolic Science 

journal homepage: www.elsevier.com/locate/endmts 

Microvascular dysfunction: Determinants and treatment, with a focus on 

hyperglycemia 

Alfons J.H.M. Houben 

∗ , Coen D.A. Stehouwer 

Department of Internal Medicine and CARIM School for Cardiovascular Diseases, Maastricht University Medical Center, Maastricht, the Netherlands 

a r t i c l e i n f o 

Keywords: 

Microcirculation 
Glucose metabolism 

Hyperglycemia 
Cardiometabolic diseases 

a b s t r a c t 

Individuals with prediabetes or type 2 diabetes have an increased risk of diseases that are partly or entirely 
of microvascular origin (e.g. (lacunar) stroke, depression, cognitive decline, retinopathy, heart failure, chronic 
kidney disease, and neuropathy). These diseases are expressions of advanced microvascular dysfunction (MVD). 
Yet, MVD may develop already early and contribute to impaired insulin-mediated glucose uptake and subsequent 
metabolic insulin resistance, characterized by hyperglycemia. However, apart from hyperglycemia being a con- 
sequence of MVD, hyperglycemia can also (further) impair microvascular function, constituting a vicious cycle. 
In this review we shall discuss important evidence showing that MVD may precede and predict (pre)diabetes 
and related co-morbidities, and discuss the important determinants of early MVD. In addition, we shall discuss 
hyperglycemia being both a cause and consequence of MVD. Finally, we shall focus on prevention and treatment 
strategies for MVD. 
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. Introduction 

An adverse cardiovascular risk profile (including obesity, hyperten-
ion, low grade inflammation, dyslipidemia) and/or having type 2 dia-
etes are associated with an increased risk of diseases that are (at least
artly) of microvascular origin (e.g. (lacunar) stroke, depression, cog-
itive decline, retinopathy, heart failure, chronic kidney disease, and
europathy) ( Knottnerus et al., 2009 ; Santos et al., 2012 ; De Silva and
araci, 2016 ; Gupta and Bhatnagar, 2015 ; Lee et al., 2016 ; Zafrani and
nce, 2015 ). These diseases are expressions of advanced microvascu-
ar dysfunction (MVD). However, MVD may develop already early, de-
ermined partly by factors like genetics, low birth weight, physical in-
ctivity, and obesity. This early MVD can contribute to 1) augmented
eripheral resistance, which may lead to the development of hyperten-
ion, and 2) impaired insulin-mediated glucose uptake, contributing to
nsulin resistance and finally the development of type 2 diabetes ( Jonk
t al., 2007 ). The latter will result in hyperglycemia as a consequence of
VD. However, hyperglycemia can also (further) impair microvascular

unction, constituting a positive feedback cycle. 
In this review we shall discuss important evidence showing that MVD

ay precede and predict (pre)diabetes and related co-morbidities, and
iscuss the important determinants of early MVD. In addition, we shall
iscuss hyperglycemia being both a cause and consequence of MVD.
inally, we shall focus on prevention and treatment strategies for MVD.
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. The microcirculation: definition and function 

The microcirculation can be defined, based on anatomy, as blood ves-
els with a diameter of less than circa 150 𝜇m, including arterioles, cap-
llaries, and venules. Alternatively, the definition can be based on vessel
hysiology, and include also larger arterioles that respond to increased
ressure by a myogenic reduction in diameter ( Levy et al., 2001 ). By
pproximation, the microcirculation represents 95-98% of the total cir-
ulatory system, underlining its importance in vascular physiology. The
hree types of vessels have different functions. Arterioles are important
or blood flow regulation and distribution, as well as pressure regula-
ion. The exchange of oxygen and nutrients and waste products within
issues takes place in the capillaries. Venules play a role in hydrostatic
capillary) pressure regulation and in tissue repair and defense, as this is
he preferential site in the circulation for adhesion and extravasation of
irculating stem cells and immune cells ( Aird, 2007a ). The main func-
ion of the microcirculation is to deliver on demand oxygen, nutrients,
nd metabolites to tissues ( Johnson et al., 2008 ). In addition, the mi-
rocirculation is important in reducing systemic blood pressure to low
evels in the capillary in order to balance with oncotic pressure ( Levy
t al., 2001 ). A central mechanism that efficiently accommodates these
unctions is vasomotion. Vasomotion is defined as rhythmic changes in
arteriolar) diameter, and results from integration of local tissue (e.g.
O2, adenosine), circulating (e.g. hormones, cytokines), and neurogenic
Maastricht 6202, the Netherlands. 
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ignals. Normal microvascular function (MVF) can be defined as optimal
erformance of the arterioles, capillaries, and venules to accommodate
heir respective functions. Microvascular dysfunction (MVD) can be de-
ned as any suboptimal performance of one of the components, leading
o a compromised nutrient delivery and/or vascular integrity. Notably,
VD comprises endothelial dysfunction, as the endothelium is a key

layer in the regulation of perfusion and exchange with tissues. 

. Assessment of microvascular function 

Techniques to measure the human microcirculation (i.e. arterioles,
apillaries, venules) noninvasively can be divided in direct and indirect
pproaches ( Houben et al., 2017 ). Direct measurement of the microcir-
ulation can be performed by visualization of small blood vessels us-
ng a microscopic approach in combination with (digital) photo/video
ecording. Using this approach one can visualize superficial capillaries
n skin and arterioles, capillaries, and venules in sublingual mucosa,
ulbar conjunctiva, and in the retina. The main advantage of this ap-
roach is that one can directly observe structure and function of (in-
ividual) blood vessel(s). Indirect methods to study the microcircula-
ion allow measurement of specific characteristics of (dynamic) function
f the microcirculation. Examples of such dynamic functions are blood
ow/perfusion measurements using laser-Doppler flowmetry (skin) or
lethysmography (skin and muscle), transcutaneous oxygen pressure
easurements (tcpO 2 ; skin), blood oxygenation and hemodynamic mea-

urements using near-infrared spectroscopy (NIRS; skin, muscle, brain),
nd tissue microvascular blood flow (MBF) and blood volume (MBV)
easurements using contrast-enhanced ultrasound (CEUS; adipose tis-

ue, muscle, kidney, liver, heart) ( Emanuel et al., 2020 ), although the
atter involves infusion of a contrast agent, disavowing the non-invasive
haracter of the technique. In order to test (maximal) dynamic response
apacity of the microvasculature, various stimuli may be used. For ex-
mple, flicker light exposure can be used to induce reactive hyperemia
n the retinal microvasculature. This response involves neurovascular
oupling and is partly dependent on endothelial NO production ( Dorner
t al., 2003 ). Another example is provoking reactive hyperemia in skin
ollowing ischemia (by local arterial occlusion) or during local skin
eating, which can be measured with laser-doppler-based techniques.
hese responses also depend on endothelial vasodilator factors (e.g. NO,
DHF, prostaglandins) ( Roustit and Cracowski, 2013 ). Use of pharma-
ological approaches makes it possible to stimulate or inhibit specific
arts of the microvascular wall. Systemic or local infusion of drugs,
r via iontophoresis, preferentially targets microvascular endothelium
e.g. acetylcholine, endothelin-B receptor blockers) or smooth muscle
ells (e.g. sodium nitroprusside). The subsequent responses (vasodila-
ion/constriction and increased/reduced perfusion) can be monitored
ith both direct and indirect techniques. 

Finally, the phenotype of the endothelium is heterogeneous along
he vascular tree ( Aird, 2007b ). Hence, (re)activity of the endothelium
o stimuli, including the production of vasoactive substances, differs be-
ween large and small arterioles or venules. Therefore, caution is re-
uired when comparing (the results of) the various techniques, as they
easure different vessel types within the microcirculation or measure

n different domains. On the other hand, combining information from
ifferent domains may be complimentary and improve for instance the
iagnosis of a disease ( Tan et al., 2019 ). Finally, the regulation of mi-
rovascular function differs among tissues, depending on their function
nd nutritional demand. The brain and kidney microvasculature, for ex-
mple, are characterized by a low impedance as opposed to that of skin
r muscle, and the retinal microcirculation lacks sympathetic innerva-
ion ( Gardiner et al., 2007 ). 

Assessment of peripheral artery endothelial function (e.g. flow-
ediated dilation (FMD) of the brachial artery or finger arterial tonom-

try) may also partly reflect microvascular function. In these tests, the
nduced ischemia triggers microvascular dilation which results upstream
n increased flow and shear stress in the feeding arteries. The subsequent
2 
rterial dilation is dose dependently related to the amount of shear stress
n the arterial endothelium ( Thijssen et al., 2011 ; Flammer et al., 2012 ;
ruyndonckx et al., 2013 ). In that sense, these measurements rely on
oth microvascular function and arterial endothelial function. 

.1. Recent developments 

Advancements in both hardware and software in the past two
ecades have facilitated further development of techniques to measure
icrovascular function. This has resulted in combinations of techniques

n one device, like combined LDF and tcpO 2 ( Jonasson et al., 2020 ) or
ombined charge-coupled device (CCD) and LDF (laser speckle contrast
maging) ( Roustit and Cracowski, 2013 ). The retinal Dynamic Vessel An-
lyzer is an example of advances in online computer-aided analyses of
icrovascular responses, which has proven its value in epidemiological

esearch and clinical trials ( Sörensen et al., 2016 ; Nägele et al., 2018 ;
ünthner et al., 2019 ). Finally, optical coherence tomography (OCT)

maging has been introduced into the microvascular arena to visualize
apillaries in the retina or microvessels in the skin ( Kim et al., 2018 ;
en et al., 2018 ). Some of these developments have already proven

heir value, others need additional evaluations. 
Obtaining and analyzing large datasets of microvascular measure-

ents is a big challenge ( Li et al., 2020a ). In particular, image analyses
an be very laborious. For some of the measurements (semi-)automated
pplications have been developed to analyse images. Apart from sav-
ng time, this approach has the advantage of improving reproducibility
nd being user-independent. For automatic analyses of retinal diame-
ers, several applications have been developed ( Cheung et al., 2011 ;
omeny ter Haar et al., 2016 ; Welikala et al., 2017 ). A promising de-
elopment in this field is the use of machine / deep learning to predict
or instance retinal diameters. Machine learning, and its extension deep
earning, includes training computers in recognizing (predictive) pat-
erns and refining these from a large example dataset. Using such an
pproach, we have recently shown that a convolutional neural network
an predict retinal arteriolar and venular diameters relatively well (ICC:
.81 and 0.89 respectively) ( Heslinga et al., 2019 ). Finally, results of
eep learning approaches may also teach us new associations between
retinal) microvascular and other anatomical features and cardiovascu-
ar risk factors. Poplin et al. (2018) used fundus photos and clinical
ata of almost 285,000 people to develop a deep learning model. The
odel could accurately predict several cardiovascular risk factors like

ge, sex, and SBP from a fundus photo. Interestingly, the deep learning
odels also produced heat maps indicating which anatomical features

n the image were used to predict a specific risk factor. Thus, certain
icrovascular features proved highly predictive of age, smoking, and

BP. In contrast, for the prediction of DBP or BMI other anatomical fea-
ures were used. Such findings may help in understanding how specific
haracteristics or risk factors may affect the microvasculature. 

. Important drivers of MVD 

Dysfunctioning of the microcirculation can occur already early in life
 Touwslager et al., 2012 ; Lona et al., 2020 ) and may have various deter-
inants ( Sörensen et al., 2017b ). Non-modifiable determinants of MVD

re amongst others genetics, low birth weight, and aging; (potentially)
odifiable determinants are physical inactivity and overweight/obesity.

 Fig. 1 ). Here we discuss a few examples. 

.1. Genetics 

Hypertension is (partly) an inherited disorder. Thus, the presence
f MVD in offspring of hypertensive parents suggests that genetic fac-
ors are involved. Indeed, offspring (both normotensive and hyper-
ensive) of hypertensive parents have a lower number of capillar-
es and impaired capillary recruitment and microvascular reactivity
 Noon et al., 1997 ; Antonios et al., 2003 ). In addition, a blunted
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Fig. 1. Drivers of microvascular dysfunction (MVD). Both modifi- 
able (obesity and physical inactivity) and non-modifiable (genetics, 
low birth weight, and aging) determinants contribute to the de- 
velopment of early microvascular/endothelial dysfunction. Impor- 
tant underlying mechanisms include oxidative stress and low grade 
inflammation. FFA: free fatty acids; LGI: low grade inflammation; 
ROS: reactive oxygen species; NO: nitric oxide. 
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lomerular filtration reserve in response to amino acids infusion was
bserved in normotensive offspring of hypertensive parents, being in-
icative of renal MVD ( O’Connor et al., 2001 ). Epigenetic influences on
icrovascular function, which may be considered a modifiable deter-
inant, were recently demonstrated by Streese et al (2020) . In elderly

ubjects with increased cardiovascular risk, they studied the effect of
igh intensity interval training on promotor DNA methylation of a mi-
ochondrial protein (p66 Shc ) that contributes to reactive oxygen species
ROS) production and on retinal microvascular diameters. The training
rogramme reduced oxidative stress by methylation of the promotor
NA of p66 Shc and improved retinal microvascular diameters. 

.2. Low birth weight 

The developmental origins of adult disease hypothesis, introduced
y Barker (1995) , proposes that cardiometabolic diseases in adult life
re associated with low birth weight as a result of fetal malnutrition.
n a study sample of 102 healthy term newborns we demonstrated that
endothelium-dependent) skin microvascular responses to acetylcholine
ere associated with body size (represented by head circumference)
 Touwslager et al., 2012 ). A similar association was found with body
eight ( Martin et al., 2000 ). This may be explained by reduced NO syn-

hesis. Interestingly, it was shown that accelerated infant growth was
nversely associated with endothelial function at later age for both chil-
ren born after natural conception and born after IVF/ICSI treatment
 Touwslager et al., 2015 ; Zandstra et al., 2020 ). In prepubertal children
t was shown that capillary recruitment was inversely associated with
irth weight ( Ijzerman et al., 2002 ; Bonamy et al., 2007 ). Finally, in
re-term born adults a reduced skin capillary number ( Lewandowski et
l., 2015 ) and narrower retinal arterioles ( Hellström et al., 2004 ) were
emonstrated. 

.3. Aging 

Aging is characterized by a progressive loss of functional reserve ca-
acity in the (micro)vasculature, in which inflammation and oxidative
tress are important drivers ( El Assar et al., 2013 ). Interestingly, the ca-
3 
acity to adapt to mechanisms of aging differs among vascular territo-
ies, as demonstrated in a rat model ( El Assar et al., 2018 ). Endothelial-
ediated vasorelaxation showed a progressive decline with increasing

ge, with an earlier onset in aorta and coronary arteries as opposed to
esenteric arteries and corpus cavernosum ( El Assar et al., 2018 ). In a
opulation-based cohort study, we have shown that age is independently
ssociated with both retinal and skin microvascular function ( Muris et
l., 2014 ; Sörensen et al., 2017b ). In addition, follow up data from an-
ther population-based study showed a decline in retinal microvascular
iameters with increasing age ( Myers et al., 2012 ). 

.4. Physical inactivity 

Several population-based cohort studies have shown that low levels
f physical activity are associated with wider retinal venules ( Tikellis
t al., 2010 ; Anuradha et al., 2011a , 2011b ). In addition, low levels of
hysical activity have been associated with skin microvascular dysfunc-
ion in individuals with type 2 diabetes ( Sörensen et al., 2020 ). Such
ssociations can already be seen at a young age, as was demonstrated
n a cohort of 6-year old children ( Gopinath et al., 2011 ). The effect of
hysical inactivity on MVD is almost instantenuous, as MVD was demon-
trated in healthy volunteers already after 5 days of bedrest ( Hamburg
t al., 2007 ). In contrast, several weeks of exercise training can improve
kin microvascular function, as was demonstrated in a meta-analyses
f studies in older previously untrained subjects ( Lanting et al., 2016 ).
imilar results were found in a group of elderly sedentary subjects, who
howed improved retinal diameters after a 12 week high intensity inter-
al training program ( Streese et al., 2020 ). In parallel to the microvas-
ular improvements, a reduction in oxidative stress levels was observed,
upporting the concept that exercise reduces oxidative stress levels with
onsequently higher bioavailability of NO ( Gielen et al., 2010 ). 

.5. Overweight and obesity 

The presence of MVD, characterized as reduced retinal arteriolar or
ncreased venular diameters, in overweight and obesity can already be
emonstrated at a young age ( Siegrist et al., 2014 ; Rijks et al., 2018 )
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nd has been shown to be reversible by a healthy lifestyle ( Siegrist et
l., 2014 ). In obese adult individuals MVD has been demonstrated in
he retina as well ( Boillot et al., 2013 ) and additionally as reduced skin
apillary recruitment ( de Jongh et al., 2004 ) and impaired skin and mus-
le endothelium-dependent vasodilation ( Jonk et al., 2011a ; Steinberg
t al., 1996 ). In some of these studies the amount of adipose tissue ap-
ears to be correlated with the level of MVD ( Muris et al., 2014 ; Rijks
t al., 2018 ). Enlarged and dysfunctional adipose depots can contribute
ia several mechanisms to MVD: higher levels of circulating free fatty
cids, increased inflammatory signaling, and changes in adipokine pro-
le (e.g. more angiotensinogen, leptin, and resistin; and less adiponectin
nd omentin) ( Saxton et al., 2019 ). MVD in obesity contributes to rel-
vant clinical consequences such as impaired insulin-induced glucose
ptake and raised blood pressure ( Jonk et al., 2007 ). Similar to chil-
ren, as previously mentioned, MVD in obesity can be (partly) reversed
y changes in lifestyle. In a recent trial we have shown that the adverse
ffects of MVD on insulin-induced glucose uptake could be reversed fol-
owing weight loss ( Kusters et al., 2017 ). 

. Interplay between hyperglycemia and MVD 

Diabetic microangiopathy, leading to clinical complications as
etinopathy, nephropathy, and neuropathy, is an advanced stage of
VD and structural microvascular damage. Hyperglycemia plays an im-

ortant role in the development and progression of diabetic microan-
iopathy. Studies have shown that reducing the levels of hyperglycemia
esults in delayed development and progression of these diabetic mi-
rovascular complications ( Zoungas et al., 2017 ). The damaging effects
f hyperglycemia on microvascular function start already early in the
ourse of diabetes, even before its clinical establishment (prediabetes).
e have shown that early MVD, in retina, skin, and brain, is present

n prediabetes, is augmented in diabetes, and is associated with mea-
ures of hyperglycemia ( Sörensen et al., 2016 ; van Agtmaal et al., 2018 ;
i et al., 2020b ). Using mediation analyses, we demonstrated that hy-
erglycemia is the main contributor to (pre)diabetes-associated MVD in
kin and retina ( Sörensen et al., 2017a ). These data indicate that subtle
evels of hyperglycemia may already contribute to MVD and subsequent
evelopment of complications before the onset of clinical diabetes. This
icking clock parallels that of increased coronary heart disease risk in
rediabetes, as described three decades ago ( Haffner et al., 1990 ). Fur-
hermore, these data indicate that hyperglycemia-induced MVD seems
o be generalized. Besides damage to the retina and the kidney, other
rgans may suffer from MVD. Indeed, markers of MVD have been shown
o be associated with cognitive decline and with prevalent and incident
epressive symptoms ( Rensma et al., 2020 ; Geraets et al., 2020 ). 

The mechanisms responsible for hyperglycemia-induced MVD have
een described extensively ( Brownlee, 2001 ; Schalkwijk and Stehouwer,
020 ). In short, the endothelium is the first tissue to be exposed to hy-
erglycemia. Being equipped with GLUT1 transporters, endothelial cells
ill freely take up glucose independently of insulin. The increase in in-

racellular glucose will not only upregulate the glycolytic pathway with
verproduction of superoxide by the mitochondrial electron-transport
hain, but also upregulate parallel pathways: the glycation, the protein
inase c, the hexosamine, and the sorbitol pathways. This leads to aug-
ented intracellular levels of reactive oxygen species, reactive dicar-

onyls (e.g. methylglyoxal), glucosamine, and activation of protein ki-
ase C. Finally, these products will result in decreased bioavailability
f NO and increased production of endothelin-1, representing MVD and
ncreasing risk of atherosclerosis. 

In contrast to hyperglycemia causing MVD, there is also proof of
he reverse. MVD leads to attenuated insulin-mediated glucose disposal
 Muris et al., 2013 ). Following a meal, the microcirculation is instru-
ental in distributing the absorbed nutrients to specific tissue for use

r storage. Glucose is primarily stored in skeletal muscle ( ± 85%) for
hich insulin is required ( Defronzo et al., 1981 ). As a first step, insulin
inds to microvascular endothelium, stimulates the PI3-kinase Akt eNOS
4 
athway in order to produce NO and induce arteriolar dilation and aug-
ented vasomotion, finally resulting in functional capillary recruitment.
s a result, exchange surface capacity is increased and glucose together
ith insulin can cross the capillary wall into the tissue. Disturbance
f this insulin-mediated capillary recruitment pathway, as observed in
besity ( Clerk et al., 2006 ; Kusters et al., 2017 ), contributes to disturbed
nsulin-mediated glucose disposal, insulin resistance, and finally type 2
iabetes. The latter has been supported by a meta-analysis of longitudi-
al studies, in which it was demonstrated that individuals with MVD at
aseline had a 25% higher risk of developing type 2 diabetes within a
ean of seven years. ( Muris et al., 2012 ). 

In summary, the relation between MVD and hyperglycemia is bidi-
ectional ( Fig. 2 ). MVD contributes to the development of hyper-
lycemia and vice versa hyperglycemia contributes to the development
f MVD. In this way both mechanisms reinforce each other leading to
 vicious cycle ( Stehouwer, 2018 ). Notably, a similar cycle appears to
xist between blood pressure and MVD ( Lona et al., 2020 ). 

. Treatment of MVD 

Lifestyle may contribute to two determinants of MVD, physical in-
ctivity and overweight/obesity. Hence, changes in lifestyle, albeit not
imple, are a good target to improve normal microvascular function and
onsequent glucose metabolism. 

.1. Weight loss 

Examples of studies that applied lifestyle changes in individuals with
ype 2 diabetes are the DiRECT and the Look AHEAD trial. In the DiRECT
Diabetes Remission Clinical Trial), a (diet based) weight loss interven-
ion programme in the primary care setting, resulted in a remission to a
on-diabetic state in 50% of the participants after one year and in 36%
fter two years ( Lean et al., 2018 , 2019 ). In the Look AHEAD (Action for
ealth in Diabetes) trial, a weight loss and exercise intervention study,
ersons with a reduction in weight loss of > 10% in the first year had
 21% lower risk of CVD in 10 years follow up ( Look AHEAD Research
roup, 2016 ). In addition, the weight loss and exercise intervention was
ssociated with improvements in, amongst others, renal outcome and
epression ( Rubin et al., 2014 ; Look AHEAD Research Group, 2014 ).
hese data underline the importance of lifestyle interventions to im-
rove cardiometabolic health. Whether these improvements in both tri-
ls are linked to improvements of MVD, remains to be studied. However,
s mentioned previously, we have shown in abdominally obese men that
 ∼10% reduction in body weight, induced by a low caloric diet for 8
eeks, improves insulin-mediated capillary recruitment in muscle and

etinal diameters together with a reduction in insulin resistance ( Kusters
t al., 2017 ; Joris et al., 2017 ). Finally, bariatric surgery-induced weight
oss is also accompagnied by sustained improvement of retinal arteriolar
iameters ( Streese et al., 2019 ; Martín-Rodríguez et al., 2014 ). In one
tudy, the improvement of skin microvascular function was indepently
ssociated with improvement in HDLc and reduction in oxLDL levels
 Martín-Rodríguez et al., 2014 ). 

.2. Physical activity 

Observational studies have shown that high levels of sedentary time
nd low levels of high-intensity physical activity are independently asso-
iated with higher risk for the metabolic syndrome and type 2 diabetes
 van der Velde et al., 2018 ), and with wider retinal venules ( Tikellis
t al., 2010 ). Vice versa, higher levels of physical activity are associ-
ted with better skin microvascular reactivity in individuals with but
ot in those without type 2 diabetes ( Sörensen et al., 2020 ). In a recent
andomized controlled trial the effects of exercise on MVD were stud-
ed. Eighty-four elderly sedentary subjects were randomized to either
 12-week high intensity interval training program or standard physi-
al activity advices. The exercise program improved retinal arteriolar
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Fig. 2. Interplay between hyperglycemia and microvascular dys- 
function (MVD). MVD contributes to impaired insulin-mediated glu- 
cose uptake, predominantly in skeletal muscle. In addition, MVD 

contributes to subsequent metabolic insulin resistance and the de- 
velopment of type 2 diabetes. All these stages of disturbed glu- 
cose metabolism result in hyperglycemia which leads to MVD. Both 
mechanisms reinforce each other leading to a vicious cycle. 
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nd venular diameters independent of changes in BMI and blood pres-
ure; fasting glucose levels were unchanged ( Streese et al., 2020 ). These
ata support the concept that physical activity improves both MVD and
lucose metabolism independent of concomitant weight loss and blood
ressure lowering. The contraction of muscle not only increases blood
ow but also recruits capillaries, thereby increasing the exchange sur-

ace area. In addition, muscle contraction stimulates the translocation
f GLUT4 to the plasma membrane of muscle cells, thereby increasing
lucose uptake. ( Clark et al., 2003 ). Exercise-stimulated glucose uptake
nd insulin-mediated glucose uptake are additive, which may be related
o different signaling cascades. In case of exercise via AMPK, and in case
f insulin via PI3-kinase Akt pathways ( Richter et al., 2001 ). 

.3. Drugs 

.3.1. Antihyperglycemic drugs 

Since hyperglycemia is a major driver of MVD and MVD is strongly
ssociated with (pre)diabetes, drugs that lower blood glucose levels are
xpected to attenuate MVD. As mentioned above, it has been shown
hat reducing hyperglycemia leads to a reduction of diabetic microvas-
ular complications ( Zoungas et al., 2017 ). However, independent of
heir glucose lowering effect, some of these drugs directly affect the
icrovasculature ( Triggle et al., 2020 ). For example, long-term met-

ormin treatment was shown to reduce plasma endothelial biomarkers
 de Jager et al., 2014 ) and a 12 week treatment with metformin signifi-
antly improved endothelium-dependent microvascular dilation in type
 diabetic patients ( Mather et al., 2001 ) and large artery endothelial
unction in type 1 diabetic patients ( Pitocco et al., 2013 ). These effects
ay be related to a reduction in ROS levels by metformin ( Apostolova

t al., 2020 ). 
Thiazolidinediones, which are PPAR- 𝛾 agonists and insulin sensitiz-

rs have been shown to exert anti-inflammatory and anti-oxidative stress
ffects at the endothelial level ( Wang et al., 2016 ). PPAR- 𝛾 overexpres-
ion in endothelial cells results in elevated NO levels (via de PI3-kinase
athway) and decreased ET1 levels (via the MAPK pathway) ( Marx et
l., 2004 ; Kong et al., 2019 ). Similar beneficial effects of thiazolidine-
iones treatment on arterial endothelial function were demonstrated in
 placebo-controlled trial in patients with coronary artery disease and
ewly detected type 2 diabetes ( Sourij et al., 2006 ). 
5 
Sulphonylureas bind to the sulfonylurea receptor and close the ATP-
ensitive potassium channels. These receptors are also present in vas-
ular smooth muscle cells and stimulation leads to vasoconstriction. In-
eed this has been shown in an animal model ( Cyrino et al., 2003 ),
ut the effect was only seen with glibenclamide and glimepiride, and
ot with gliclazide. In two trials the effects were studied of sulfonylurea
reatment on arterial stiffnes and endothelial function, and on microvas-
ular function ( Cosenso-Martin et al., 2018 ; Jax et al., 2017 ). Both trials
howed that sulfonylurea treatment did not affect macro- or microvas-
ular function. 

Alpha-glucosidase inhibitors act predominantly in the bowel, where
hey attenuate the break down of complex carbohydrates into glucose.
lthough direct vascular effects of these drugs are not obvious, some
tudies reported protective effects of alpha-glucosidase inhibitors on en-
othelial cells via reduction of oxidative stress ( Aoki et al., 2012 ; Li et
l., 2019 ). A twelve-week treatment of type 2 diabetic individuals with
carbose resulted in increased postprandial arterial endothelial function
 Kato et al., 2010 ). However, this effect was suggested to be secondary
o reduced hyperglycemia. 

In healthy volunteers, infusion of glucagon-like peptide 1 induces
apillary recruitment in both skeletal and cardiac muscle and concomit-
ant glucose disposal, similar to insulin ( Tan et al., 2018 ). These GLP-1
ffects are preserved in insulin resistant obese subjects ( Wang et al.,
020 ), which may be related to the fact that GLP-1 stimulates endothe-
ial function via the AMPK pathway. Besides the microvascular effects of
LP-1 in skeletal and cardiac muscle, treatment with GLP-1 receptor ag-
nists can reduce the incidence and progression of nephropathy (mainly
lbuminuria) in diabetes, but not that of retinopathy ( Dicembrini et al.,
017 ). 

Exposure of endothelial cells in a hyperglycemic milieu to dipeptidyl
eptidase-4 (DPP-4) inhibitors shows a reduction in oxidative stress lev-
ls ( Gao et al., 2020 ; Pujadas et al, 2017 ). In addition, endothelium-
ependent relaxation of aortic rings from diabetic mice treated with
PP-4 inhibitors was normalized as compared to untreated mice ( Gao
t al., 2020 ). This effect was independent of any GLP-1 effects on the vas-
ulature. Individuals with uncomplicated type 2 diabetes treated with
PP-4 inhibitors also show improved skin microvascular vasodilation,
hich seems to be independent of glucose control ( Jax et al., 2017 ). The

ffects of DPP-4 inhibitors on large artery endothelial function, however,
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Fig. 3. Treatment of microvascular dysfunction. Both lifestyle 
(weight reduction and increased levels of physical activ- 
ity/exercise) and pharmacological interventions (antihyper- 
glycemic and antihypertensive drugs) are effective in reducing 
microvascular/endothelial dysfunction. Notably, the effects of the 
drugs mentioned on MVD appear to be independent of their anti- 
hyperglycemic or antihypertensive effects. 
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s unclear as unchanged, attenuated, and increased endothelial function
as been reported ( Jax et al., 2017 ; Ayaori et al., 2013 ; Leung et al.,
016 ). 

Sodium glucose cotransporters type 2 (SGLT2) are present in mouse
orta and inhibition of SGLT2 results in reduced ROS levels and im-
roved endothelium-dependent dilation via blockade of endothelial glu-
ose entry ( El-Daly et al., 2018 ). Adding SGLT2 inhibitors to the treat-
ent regimen of diabetic patients also improved endothelial function,
etermined as flow-mediated dilation of the brachial artery ( Shigiyama
t al., 2017 ), although similar effects could not be demonstrated in a
rial using peripheral arterial tonometry to estimate endothelial func-
ion ( Tanaka et al., 2019 ). 

.3.2. Renin angiotensin aldosterone system drugs 

Angiotensin II has been shown to have detrimental effects on en-
othelial function. An important effect of angiotensin II is stimulation
f ROS production. In addition, angiotensin II stimulates endothelin-1
roduction, release of inflammatory cytokines, and phosphorylation of
RS-1. All these processes interfere with insulin-dependent activation
f the PI3-kinase pathway, resulting in inhibited NO synthase and glu-
ose uptake ( Jonk et al., 2007 ). Blocking the angiotensin II receptor in
ypertensive subjects indeed improves insulin-mediated microvascular
unction ( Jonk et al., 2011b ). Blocking the conversion of angiotensin I to
ngiotensin II by an ACE inhibitor or blocking the angiotensin II receptor
oth have been shown to decrease the risk for new-onset diabetes mel-
itus in hypertensive patients ( Elliott and Meyer, 2007 ). Similar to an-
iotensin II, aldosterone attenuates endothelial function via stimulation
f oxidative stress, and endothelin-1 and TNFa production ( Schütten
t al., 2017 ). Indeed, in animal models of obesity it has been shown
hat mineralocorticoid receptor blockade improves endothelial function
 Bender et al., 2015 ). In individuals with type 2 diabetes mineralocorti-
oid receptor blockade was shown to improve coronary microvascular
unction ( Garg et al., 2015 ). However, in mild abdominally obese men
lasma aldosterone levels were not associated with MVD and levels of
nsulin resistance ( Schütten et al., 2018 ). Possibly the negative effects
f aldosterone on microvascular function and related glucose disposal
ecome more prominent in more severe obesity. 

In summary, both lifestyle and pharmacological interventions are ef-
ective in reducing MVD ( Fig. 3 ) and contribute to restoring normal glu-
ose metabolism. Whether the combination of lifestyle intervention and
lucose lowering therapy will have a multiplier effect on MVD is cur-
6 
ently being addressed in a randomized clinical trial: ePREDICE ( Gabriel
t al., 2020 ). 

. Conclusions and future directions 

Early microvascular dysfunction contributes to disturbed glucose dis-
osal and augmented blood pressure, and in the long run to the de-
elopment of cardiometabolic diseases. Important drivers of MVD are
besity and physical inactivity, in addition to genetic factors and low
irth weight. The interaction between MVD and hyperglycemia oper-
tes in two directions. MVD contributes to hyperglycemia and hyper-
lycemia induces MVD, culminating in a vicious cycle. Hyperglycemia-
elated MVD is widespread and results in dysfunction of various organs.
ifestyle changes, e.g. weight loss and exercise, are effective strategies
o reverse MVD in metabolic disease, and can also reverse diabetes. In
ddition, using antihyperglycemic medication not only breaks the afore-
entioned vicious cycle, but directly leads to improved microvascular

unction. Finally, drugs blocking the production or action of angiotensin
I are effective in improving MVD. Technical developments in the past
ecades have advanced the measurements of MVD in clinical trials and
n an epidemiological level. Finally, the presence of isolated diabetic
icrovascular disease (retinopathy, nephropathy, or neuropathy) has

een shown to increase the risk of future cardiovascular events, which
s even higher in individuals with disease in multiple microvascular
eds ( Brownrigg et al., 2016 ). Similarly, early MVD increases the risk of
pre)diabetes and hypertension ( Muris et al., 2012 ; Ding et al., 2014 ),
oth being important risk factors for cardiovascular disease. A future
hallenge is the development of a personalized microvascular finger-
rint for risk stratification and preventive strategies. 

eclaration of Competing Interest 

The authors declare that they have no known competing financial
nterests or personal relationships that could have appeared to influence
he work reported in this paper. 

RediT authorship contribution statement 

Alfons J.H.M. Houben: Conceptualization, Writing - original draft.
oen D.A. Stehouwer: Conceptualization, Writing - review & editing. 



A.J.H.M. Houben and C.D.A. Stehouwer Endocrine and Metabolic Science 2 (2021) 100073 

A

P

 

t

R

v  

 

 

 

A  

A  

A  

 

 

A  

 

 

A  

 

A  

 

 

A  

 

A  

 

 

 

B
B  

 

 

B  

 

 

B  

 

B  

B  

 

 

 

B  

 

 

C  

 

C  

 

C  

 

C  

 

 

 

C  

 

D  

D  

D  

 

 

D  

 

 

 

D  

 

E  

E  

 

E  

 

 

 

E  

E  

 

F  

 

 

G  

 

 

 

 

 

G  

 

 

 

G  

 

G  

 

 

G  

 

 

 

G  

G  

 

G  

 

 

 

 

G  

H  

 

 

H  

 

 

H  

 

H  

 

 

H  

 

cknowledgment 

We thank Dr. Jean L.J.M. Scheijen for the graphic design. 

eer Review Summary 

Peer Review Summary associated with this article can be found in
he online version, at doi: 10.1016/j.endmts.2020.100073 . 

eferences 

an Agtmaal, M.J. , Houben, A.J. , de Wit, V. , Henry, R.M. , Schaper, N.C. , Dagnelie, P.C. ,
van der Kallen, C.J. , Koster, A. , Sep, S.J. , Kroon, A.A. , Jansen, J.F. , Hofman, P.A. ,
Backes, W.H. , Schram, M.T. , Stehouwer, C.D. , 2018. Prediabetes is associated
with structural brain abnormalities: the maastricht study. Diabetes Care 41 (12),
2535–2543 . 

ird, W.C. , 2007a. Phenotypic heterogeneity of the endothelium: I. Structure, function,
and mechanisms. Circ. Res. 100 (2), 158–173 . 

ird, W.C. , 2007b. Phenotypic heterogeneity of the endothelium: II. Representative vas-
cular beds. Circ. Res. 100 (2), 174–190 . 

nuradha, S. , Healy, G.N. , Dunstan, D.W. , Klein, R. , Klein, B.E. , Cotch, M.F. , Wong, T.Y. ,
Owen, N. , 2011a. Physical activity, television viewing time, and retinal microvascular
caliber: the multi-ethnic study of atherosclerosis. Am. J. Epidemiol. 173 (5), 518–525 .

nuradha, S. , Healy, G.N. , Dunstan, D.W. , Tai, E.S. , Van Dam, R.M. , Lee, J. , Nang, E.E. ,
Owen, N. , Wong, T.Y. , 2011b. Associations of physical activity and television viewing
time with retinal vascular caliber in a multiethnic Asian population. Invest. Ophthal-
mol. Vis. Sci. 52 (9), 6522–6528 . 

ntonios, T.F. , Rattray, F.M. , Singer, D.R. , Markandu, N.D. , Mortimer, P.S. , MacGre-
gor, G.A. , 2003. Rarefaction of skin capillaries in normtensive offspring of individuals
with essential hypertension. Heart 89, 175–178 . 

oki, C. , Suzuki, K. , Yanagi, K. , Satoh, H. , Niitani, M. , Aso, Y. , 2012. Miglitol, an an-
ti-diabetic drug, inhibits oxidative stress-induced apoptosis and mitochondrial ROS
over-production in endothelial cells by enhancement of AMP-activated protein kinase.
J. Pharmacol. Sci. 120 (2), 121–128 . 

postolova, N. , Iannantuoni, F. , Gruevska, A. , Muntane, J. , Rocha, M. , Victor, V.M. , 2020.
Mechanisms of action of metformin in type 2 diabetes: effects on mitochondria and
leukocyte-endothelium interactions. Redox Biol. 34, 1015–1017 . 

yaori, M. , Iwakami, N. , Uto-Kondo, H. , Sato, H. , Sasaki, M. , Komatsu, T. , Iizuka, M. ,
Takiguchi, S. , Yakushiji, E. , Nakaya, K. , Yogo, M. , Ogura, M. , Takase, B. , Murakami, T. ,
Ikewaki, K. , 2013. Dipeptidyl peptidase-4 inhibitors attenuate endothelial function as
evaluated by flow-mediated vasodilatation in type 2 diabetic patients. J. Am. Heart
Assoc. 2 (1), e003277 28 . 

arker, D.J. , 1995. Fetal origins of coronary heart disease. BMJ 311, 171–174 . 
ender, S.B. , DeMarco, V.G. , Padilla, J. , Jenkins, N.T. , Habibi, J. , Garro, M. , Pulakat, L. ,

Aroor, A.R. , Jaffe, I.Z. , Sowers, J.R. , 2015. Mineralocorticoid receptor antagonism
treats obesity-associated cardiac diastolic dysfunction. Hypertension 65, 1082–1088 .

oillot, A. , Zoungas, S. , Mitchell, P. , Klein, R. , Klein, B. , Ikram, M.K. , Klaver, C. , Wang, J.J. ,
Gopinath, B. , Tai, E.S. , Neubauer, A.S. , Hercberg, S. , Brazionis, L. , Saw, S.M. ,
Wong, T.Y. , Czernichow, S. META-EYE Study Group, 2013. Obesity and the microvas-
culature: a systematic review and meta-analysis. PLoS ONE 8, e52708 . 

onamy, A.K. , Martin, H. , Jörneskog, G. , Norman, M. , 2007. Lower skin capillary density,
normal endothelial function and higher blood pressure in children born preterm. J.
Intern. Med. 262, 635–642 . 

rownlee, M. , 2001. Biochemistry and molecular cell biology of diabetic complications.
Nature 414 (6865), 813–820 . 

rownrigg, J.R.W. , Hughes, C.O. , Burleigh, D. , Karthikesalingam, A. , Patterson, B.O. ,
Holt, P.J. , Thompson, M.M. , de Lusignan, S. , Ray, K.K. , Hinchliffe, R.J. , 2016. Mi-
crovascular disease and risk of cardiovascular events among individuals with type 2
diabetes: a population-level cohort study. Lancet Diabetes Endocrinol. 4 (7), 588–597 .

ruyndonckx, L. , Radtke, T. , Eser, P. , Vrints, C.J. , Ramet, J. , Wilhelm, M. , Conraads, V.M. ,
2013. Methodological considerations and practical recommendations for the applica-
tion of peripheral arterial tonometry in children and adolescents. Int. J. Cardiol. 168
(4), 3183–3190 . 

heung, C.Y. , Tay, W.T. , Mitchell, P. , Wang, J.J. , Hsu, W. , Lee, M.L. , Lau, Q.P. , Zhu, A.L. ,
Klein, R. , Saw, S.M. , Wong, T.Y. , 2011. Quantitative and qualitative retinal microvas-
cular characteristics and blood pressure. J. Hypertens. 29 (7), 1380–1391 . 

lark, M.G , Wallis, M.G. , Barrett, E.J. , Vincent, M.A. , Richards, S.M. , Clerk, L.H. , Ratti-
gan, S. , 2003. Blood flow and muscle metabolism: a focus on insulin action. Am. J.
Physiol. Endocrinol. Metab. 284 (2), E241–E258 . 

lerk, L.H. , Vincent, M.A. , Jahn, L.A. , Liu, Z. , Lindner, J.R. , Barrett, E.J. , 2006. Obesity
blunts insulin-mediated microvascular recruitment in human forearm muscle. Dia-
betes 55 (5), 1436–1442 . 

osenso-Martin, L.N. , Giollo-Júnior, L.T. , Barufi Fernandes, L.A. , Cesarino, C.B. , Naka-
zone, M.A. , de Nassau Machado, M. , Yugar-Toledo, J.C. , Vilela-Martin, J.F. , 2018.
Effect of vildagliptin versus glibenclamide on endothelial function and arterial stiff-
ness in patients with type 2 diabetes and hypertension: a randomized controlled trial.
Acta Diabetol. 55 (12), 1237–1245 . 

yrino, F.Z. , Bottino, D.A. , Coelho, F.C. , Ravel, D. , Bouskela, E. , 2003. Effects of sul-
fonylureas on K(ATP) channel-dependent vasodilation. J. Diabetes Complicat. 17 (2
Suppl), 6–10 2003 . 

e Silva, T.M. , Faraci, F.M. , 2016. Microvascular dysfunction and cognitive impairment.
Cell. Mol. Neurobiol. 36, 241–258 . 

efronzo, R.A. , Jacot, E. , Jequier, E. , Maeder, E. , Wahren, J. , Felber, J.P. , 1981. The effect
of insulin on the disposal of intravenous glucose. Diabetes 30, 1000–1007 . 
7 
icembrini, I. , Nreu, B. , Scatena, A. , Andreozzi, F. , Sesti, G. , Mannucci, E. , Monami, M. ,
2017. Microvascular effects of glucagon-like peptide-1 receptor agonists in type 2
diabetes: a meta-analysis of randomized controlled trials. Acta Diabetol. 54 (10),
933–941 . 

ing, J. , Wai, K.L. , McGeechan, K. , Ikram, M.K. , Kawasaki, R. , Xie, J. , Klein, R. ,
Klein, B.B.K. , Cotch, M.F. , Wang, J.J. , Mitchell, P. , Shaw, J.E. , Takamasa, K. , Shar-
rett, A.R. , Wong, T.Y. Meta-Eye Study Group, 2014. Retinal vascular caliber and the
development of hypertension: a meta-analysis of individual participant data. J. Hy-
pertens. 32 (2), 207–215 . 

orner, G.T. , Garhofer, G. , Kiss, B. , Polska, E. , Polak, K. , Riva, C.E. , Schmetterer, L. , 2003.
Nitric oxide regulates retinal vascular tone in humans. Am. J. Physiol. Heart Circ.
Physiol. 285, H631–H636 . 

l Assar, M. , Angulo, J. , Rodríguez-Mañas, L. , 2013. Oxidative stress and vascular inflam-
mation in aging. Free Radic. Biol. Med. 65, 380–401 . 

l Assar, M. , Fernández, A. , Sánchez-Ferrer, A. , Angulo, J. , Rodríguez-Mañas, L. , 2018.
Multivessel analysis of progressive vascular aging in the rat: asynchronous vulnera-
bility among vascular territories. Mech. Ageing Dev. 173, 39–49 . 

l-Daly, M. , Pulakazhi Venu, V.K. , Saifeddine, M. , Mihara, K. , Kang, S. , Fedak, P.W.M. ,
Alston, L.A. , Hirota, S.A. , Ding, H. , Triggle, C.R. , Hollenberg, M.D. , 2018. Hypergly-
caemic impairment of PAR2-mediated vasodilation: prevention by inhibition of aor-
tic endothelial sodium-glucoseco-transporter-2 and minimizing oxidative stress. Vasc.
Pharmacol. 109, 56–71 . 

lliott, W.J. , Meyer, P.M. , 2007. Incident diabetes in clinical trials of antihypertensive
drugs: a network meta-analysis. Lancet 369, 201–207 . 

manuel, A.L. , Meijer, R.I. , van Poelgeest, E. , Spoor, P. , Serné, E.H. , Eringa, E.C. , 2020.
Contrast-enhanced ultrasound for quantification of tissue perfusion in humans. Mi-
crocirculation 27 (1), e12588 . 

lammer, A.J. , Anderson, T. , Celermajer, D.S. , Creager, M.A. , Deanfield, J. , Ganz, P. , Ham-
burg, N.M. , Lüscher, T.F. , Shechter, M. , Taddei, S. , Vita, J.A. , Lerman, A. , 2012. The
assessment of endothelial function: from research into clinical practice. Circulation
126 (6), 753–767 . 

abriel, R. , Boukichou Abdelkader, N. , Acosta, T. , Gilis-Januszewska, A. , Gómez-Huel-
gas, R. , Makrilakis, K. , Kamenov, Z. , Paulweber, B. , Satman, I. , Djordjevic, P. , Alkan-
dari, A. , Mitrakou, A. , Lalic, N. , Colagiuri, S. , Lindström, J. , Egido, J. , Natali, A. , Pas-
tor, J.C. , Teuschl, Y. , Lind, M. , Silva, L. , López-Ridaura, R. , Tuomilehto, J. e-PREDICE
Consortium, 2020. Early prevention of diabetes microvascular complications in people
with hyperglycaemia in Europe. ePREDICE randomized trial. Study protocol, recruit-
ment and selected baseline data. PLoS ONE 15 (4), e0231196 . 

ao, P. , Li, L. , Wei, X. , Wang, M. , Hong, Y. , Wu, H. , Shen, Y. , Ma, T. , Wei, X. , Zhang, Q. ,
Fang, X. , Wang, L. , Yan, Z. , Du, G.H. , Zheng, H. , Yang, G. , Liu, D. , Zhu, Z. , 2020.
Activation of transient receptor potential channel vanilloid 4 by DPP-4 (dipeptidyl
peptidase-4) inhibitor vildagliptin protects against diabetic endothelial dysfunction.
Hypertension 75 (1), 150–162 . 

ardiner, T.A. , Archer, D.B. , Curtis, T.M. , Stitt, A.W. , 2007. Arteriolar involvement in the
microvascular lesions of diabetic retinopathy: implications for pathogenesis. Micro-
circulation 14 (1), 25–38 . 

arg, R. , Rao, A.D. , Baimas-George, M. , Hurwitz, S. , Foster, C. , Shah, R.V. ,
Jerosch-Herold, M. , Kwong, R.Y. , Di Carli, M.F. , Adler, G.K. , 2015. Mineralocorti-
coid receptor blockade improves coronary microvascular function in individuals with
type 2 diabetes. Diabetes 64 (1), 236–242 . 

eraets, A.F. , van Agtmaal, M.J. , Stehouwer, C.D. , Sörensen, B.M. , Berendschot, T.T. , We-
bers, C.A. , Schaper, N.C. , Henry, R.M. , van der Kallen, C.J. , Eussen, S.J. , Koster, A. ,
van Sloten, T.T. , Köhler, S. , Schram, M.T. , Houben, A.J. , 2020. Association of markers
of microvascular dysfunction with prevalent and incident depressive symptoms: the
Maastricht study. Hypertension 76 (2), 342–349 . 

ielen, S. , Schuler, G. , Adams, V. , 2010. Cardiovascular effects of exercise training: molec-
ular mechanisms. Circulation 122, 1221–1238 . 

opinath, B. , Baur, L.A. , Wang, J.J. , Hardy, L.L. , Teber, E. , Kifley, A. , Wong, T.Y. ,
Mitchell, P. , 2011. Influence of physical activity and screentime on the retinal mi-
crovasculature inyoung children. Arterioscler. Thromb. Vasc. Biol. 31, 1233–1239 . 

ünthner, R., Hanssen, H., Hauser, C., Angermann, S., Lorenz, G., Kemmner, S.,
Matschkal, J., Braunisch, M.C., Kuechle, C., Renders, L., Moog, P., Wassertheurer, S.,
Baumann, M., Hammes, H.P., Mayer, C.C., Haller, B., Stryeck, S., Madl, T., Carbajo-
Lozoya, J., Heemann, U., Kotliar, K., Schmaderer, C., 2019. Impaired retinal vessel
dilation predicts mortality in end-stage renal disease. Circ. Res. doi: 10.1161/CIRCRE-
SAHA.118.314318 . 

upta, A. , Bhatnagar, S. , 2015. Vasoregression: a shared vascular pathology underlying
macrovascular and microvascular pathologies? OMICS 19, 733–753 . 

affner, S.M. , Stern, M.P. , Hazuda, H.P. , Mitchell, B.D. , Patterson, J.K. , 1990. Cardio-
vascular risk factors in confirmed prediabetic individuals. Does the clock for coro-
nary heart disease start ticking before the onset of clinical diabetes? JAMA 263 (21),
2893–2898 . 

amburg, N.M. , McMackin, C.J. , Huang, A.L. , Shenouda, S.M. , Widlansky, M.E. ,
Schulz, E. , Gokce, N. , Ruderman, N.B. , Keaney Jr., J.F. , Vita, J.A. , 2007. Physical
inactivity rapidly induces insulin resistance and microvascular dysfunction in healthy
volunteers. Arterioscler. Thromb. Vasc. Biol. 27, 2650–2656 . 

ellström, A. , Dahlgren, J. , Marsál, K. , Ley, D. , 2004. Abnormal retinal vascular mor-
phology in young adults following intrauterine growth restriction. Pediatrics 113,
e77–e80 . 

eslinga, F., Pluim, J., Dashtbozorg, B., Berendschot, T., Houben, A., Henry, R., Veta, M.,
2019. Approximation of a pipeline of unsupervised retina image analysis methods
with a CNN. In: Proc. SPIE 10949, Medical Imaging 2019: Image Processing, 109491N
(15 March 2019) doi: 10.1117/12.2512393 . 

ouben, A.J. , Martens, R.J. , Stehouwer, C.D. , 2017. Assessing microvascular function in
humans from a chronic disease perspective. J. Am. Soc. Nephrol. 28 (12), 3461–3472 .

https://doi.org/10.1016/j.endmts.2020.100073
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0001
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0002
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0002
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0003
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0003
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0004
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0005
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0006
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0007
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0008
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0009
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0010
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0010
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0011
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0012
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0013
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0013
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0013
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0013
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0013
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0014
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0014
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0015
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0016
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0017
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0018
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0019
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0020
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0021
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0022
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0022
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0022
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0023
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0024
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0025
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0026
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0027
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0027
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0027
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0027
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0028
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0029
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0030
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0030
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0030
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0031
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0032
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0033
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0034
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0035
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0035
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0035
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0035
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0035
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0036
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0037
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0038
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0038
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0038
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0038
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0039
https://doi.org/10.1161/CIRCRESAHA.118.314318
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0041
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0041
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0041
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0042
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0043
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0044
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0044
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0044
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0044
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0044
https://doi.org/10.1117/12.2512393
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0046
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0046
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0046
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0046


A.J.H.M. Houben and C.D.A. Stehouwer Endocrine and Metabolic Science 2 (2021) 100073 

I  

 

 

d  

 

 

J  

 

 

 

J  

J  

 

 

d  

 

J  

 

 

J  

 

J  

 

J  

 

 

K  

 

K  

 

K  

 

K  

 

K  

 

L  

 

L  

 

 

 

 

L  

 

 

 

 

 

L  

 

L  

 

L  

L  

 

 

L  

 

L  

 

 

L  

 

 

L  

 

L  

 

 

G  

 

 

 

M  

 

M  

 

 

 

M  

M  

 

M  

 

 

M  

 

M  

 

M  

 

M  

 

 

N  

 

N  

 

O  

 

 

P  

 

 

P  

 

P  

 

 

R  

 

 

 

 

R  

R  

 

 

R  

 

 

 

R  
jzerman, R.G. , van Weissenbruch, M.M. , Voordouw, J.J. , Yudkin, J.S. , Serne, E.H. , Dele-
marre-van de Waal, H.A. , Stehouwer, C.D. , 2002. The association between birth
weight and capillary recruitment is independent of blood pressure and insulin sen-
sitivity: a study in prepubertal children. J. Hypertens. 20 (10), 1957–1963 . 

e Jager, J. , Kooy, A. , Schalkwijk, C. , van der Kolk, J. , Lehert, P. , Bets, D. , Wulffelé, M.G. ,
Donker, A.J. , Stehouwer, C.D. , 2014. Long-term effects of metformin on endothelial
function in type 2 diabetes: a randomized controlled trial. J. Intern. Med. 275, 59–70 .

ax, T. , Stirban, A. , Terjung, A. , Esmaeili, H. , Berk, A. , Thiemann, S. , Chilton, R. , von
Eynatten, M. , Marx, N. , 2017. A randomised, active- and placebo-controlled, three-
-period crossover trial to investigate short-term effects of the dipeptidyl peptidase-4
inhibitor linagliptin on macro- and microvascular endothelial function in type 2 dia-
betes. Cardiovasc. Diabetol. 16 (1), 13 . 

ohnson, P.C. , et al. , 2008. Overview of the microcirculation. In: Tuma, R.F., et al. (Eds.),
Handbook of Physiology: Microcirculation. Elsevier, pp. 11–23 (Eds.) . 

onasson, H. , Bergstrand, S. , Fredriksson, I. , Larsson, M. , Östgren, C.J. , Strömberg, T. ,
2020. Normative data and the influence of age and sex on microcirculatory function
in a middle-aged cohort: results from the SCAPIS study. Am. J. Physiol. Heart Circ.
Physiol. 318 (4), H908–H915 . 

e Jongh, R.T. , Serné, E.H. , IJzerman, R.G. , de Vries, G. , Stehouwer, C.D. , 2004. Impaired
microvascular function in obesity: implications for obesity-associated microangiopa-
thy, hypertension, and insulin resistance. Circulation 109, 2529–2535 . 

onk, A.M. , Houben, A.J. , de Jongh, R.T. , Serné, E.H. , Schaper, N.C. , Stehouwer, C.D. ,
2007. Microvascular dysfunction in obesity: a potential mechanism in the pathogene-
sis of obesity-associated insulin resistance and hypertension. Physiology 22, 252–260 .

onk, A.M. , Houben, A.J. , Schaper, N.C. , de Leeuw, P.W. , Serné, E.H. , Smulders, Y.M. ,
Stehouwer, C.D. , 2011a. Obesity is associated with impaired endothelial function in
the postprandial state. Microvasc. Res 82, 423–429 . 

onk, A.M. , Houben, A.J. , Schaper, N.C. , de Leeuw, P.W. , Serné, E.H. , Smulders, Y.M. , Ste-
houwer, C.D. , 2011b. Acute angiotensin II receptor blockade improves insulin-induced
microvascular function in hypertensive individuals. Microvasc. Res. 82 (1), 77–83 . 

oris, P.J. , Plat, J. , Kusters, Y.H. , Houben, A.J. , Stehouwer, C.D. , Schalkwijk, C.G. ,
Mensink, R.P. , 2017. Diet-induced weight loss improves not only cardiometabolic risk
markers but also markers of vascular function: a randomized controlled trial in ab-
dominally obese men. Am. J. Clin. Nutr. 105, 23–31 . 

ato, T. , Inoue, t. , Node, k. , 2010. Postprandial endothelial dysfunction in subjects with
new-onset type 2 diabetes: an acarbose and nateglinide comparative study. Cardio-
vasc. Diabetol. 9, 12 . 

im, K. , Kim, E.S. , Yu, S.Y. , 2018. Optical coherence tomography angiography analysis
of foveal microvascular changes and inner retinal layer thinning in patients with di-
abetes. Br. J. Ophthalmol. 102, 1226–1231 . 

nottnerus, I.L. , Ten Cate, H. , Lodder, J. , Kessels, F. , van Oostenbrugge, R.J. , 2009. En-
dothelial dysfunction in lacunar stroke: a systematic review. Cerebrovasc. Dis. 27,
519–526 . 

ong, Y. , Gao, Y. , Lan, D. , Zhang, J. , Zhan, R. , Liu, M. , Zhu, Z. , Zeng, G. , Huang, Q. , 2019.
Trans-repression of NF 𝜅B pathway mediated by PPAR 𝛾 improves vascular endothe-
lium insulin resistance. J. Cell. Mol. Med. 23 (1), 216–226 . 

usters, Y.H. , Schalkwijk, C.G. , Houben, A.J. , Kooi, M.E. , Lindeboom, L. , Op ’t Roodt, J. ,
Joris, P.J. , Plat, J. , Mensink, R.P. , Barrett, E.J. , Stehouwer, C.D. , 2017. Independent
tissue contributors to obesity-associated insulin resistance. JCI Insight 2, e89695 . 

anting, S.M. , Johnson, N.A. , Baker, M.K. , Caterson, I.D. , Chuter, V.H. , 2016. The effect
of exercise training on cutaneous microvascular reactivity: a systematic review and
metaanalysis. J. Sci. Med. Sport 20, 170–177 . 

ean, M.E. , Leslie, W.S. , Barnes, A.C. , Brosnahan, N. , Thom, G. , McCombie, L. , Peters, C. ,
Zhyzhneuskaya, S. , Al-Mrabeh, A. , Hollingsworth, K.G. , Rodrigues, A.M. , Rehack-
ova, L. , Adamson, A.J. , Sniehotta, F.F. , Mathers, J.C. , Ross, H.M. , McIlvenna, Y. , Ste-
fanetti, R. , Trenell, M. , Welsh, P. , Kean, S. , Ford, I. , McConnachie, A. , Sattar, N. , Tay-
lor, R. , 2018. Primary care-led weight management for remission of type 2 diabetes
(DiRECT): an open-label, cluster-randomised trial. Lancet 391 (10120), 541–551 . 

ean, M.E.J. , Leslie, W.S. , Barnes, A.C. , Brosnahan, N. , Thom, G. , McCombie, L. , Pe-
ters, C. , Zhyzhneuskaya, S. , Al-Mrabeh, A. , Hollingsworth, K.G. , Rodrigues, A.M. , Re-
hackova, L. , Adamson, A.J. , Sniehotta, F.F. , Mathers, J.C. , Ross, H.M. , McIlvenna, Y. ,
Welsh, P. , Kean, S. , Ford, I. , McConnachie, A. , Messow, C.M. , Sattar, N. , Taylor, R. ,
2019. Durability of a primary care-led weight-management intervention for remission
of type 2 diabetes: 2-year results of the DiRECT open-label, cluster-randomised trial.
Lancet Diabetes Endocrinol. 7 (5), 344–355 . 

ee, J.F. , Barrett-O’Keefe, Z. , Garten, R.S. , Nelson, A.D. , Ryan, J.J. , Nativi, J.N. , Richard-
son, R.S. , Wray, D.W. , 2016. Evidence of microvascular dysfunction in heart failure
with preserved ejection fraction. Heart 102, 278–284 . 

eung, M. , Leung, D.Y. , Wong, V.W. , 2016. Effects of dipeptidyl peptidase-4 inhibitors on
cardiac and endothelial function in type 2 diabetes mellitus: a pilot study. Diabetes
Vasc. Dis. Res. 13 (3), 236–243 . 

evy, B.I. , Ambrosio, G. , Pries, A.R. , Struijker-Boudier, H.A. , 2001. Microcirculation in
hypertension: a new target for treatment? Circulation 104 (6), 735–740 . 

ewandowski, A.J. , Davis, E.F. , Yu, G. , Digby, J.E. , Boardman, H. , Whitworth, P. , Sing-
hal, A. , Lucas, A. , McCormick, K. , Shore, A.C. , Leeson, P. , 2015. Elevated blood pres-
sure in pretermborn offspring associates with a distinct antiangiogenic state and mi-
crovascular abnormalities in adult life. Hypertension 65, 607–614 . 

i, X.X. , Ling, S.K. , Hu, M.Y. , Ma, Y. , Li, Y. , Huang, P.L. , 2019. Protective effects of acarbose
against vascular endothelial dysfunction through inhibiting Nox4/NLRP3 inflamma-
some pathway in diabetic rats. Free Radic. Biol. Med. 145, 175–186 . 

i, W. , Schram, M.T. , Sörensen, B.M. , van Agtmaal, M.J. , Berendschot, T.T. , Webers, C.A. ,
Jansen, J.F. , Backes, W.H. , Gronenschild, E.H. , Schalkwijk, C.G. , Stehouwer, C.D. ,
Houben, A.J. , 2020a. Microvascular phenotyping in the maastricht study: design and
main findings, 2010-2018. Am. J. Epidemiol. 189 (9), 873–884 2020 Sep 1 . 

i, W. , Schram, M.T. , Berendschot, T.T. , Webers, C.A. , Kroon, A.A. , van der Kallen, C.J. ,
Henry, R.M. , Schaper, N.C. , Huang, F. , Dashtbozorg, B. , Tan, T. , Zhang, J. , Abbasi–
8 
Sureshjani, S. , Ter Haar Romeny, B.M. , Stehouwer, C.D. , Houben, A.J. , 2020b. Type
2 diabetes and HbA1c are independently associated with wider retinal arterioles: the
Maastricht study. Diabetologia 63 (7), 1408–1417 . 

ona, G. , Endes, K. , Köchli, S. , Infanger, D. , Zahner, L. , Hanssen, H. , 2020. Retinal vessel
diameters and blood pressure progression in children. Hypertension 76 (2), 450–457 .

ook AHEAD Research Group, 2014. Effect of a long-term behavioural weight loss inter-
vention on nephropathy in overweight or obese adults with type 2 diabetes: a sec-
ondary analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes En-
docrinol. 2, 801–809 . 

regg, E.W. , Jakicic, J.M. , et al. Look AHEAD Research Group, 2016. Association of the
magnitude of weight loss and changes in physical fitness with long-term cardiovascu-
lar disease outcomes in overweight or obese people with type 2 diabetes: a post-hoc
analysis of the Look AHEAD randomised clinical trial. Lancet Diabetes Endocrinol. 4
(11), 913–921 . 

artin, H. , Gazelius, B. , Norman, M. , 2000. Impaired acetylcholine-induced vascular re-
laxation in low birth weight infants: implications for adult hypertension? Pediatr. Res.
47, 457–462 . 

artín-Rodríguez, J.F. , Cervera-Barajas, A. , Madrazo-Atutxa, A. , García-Luna, P.P. ,
Pereira, J.L. , Castro-Luque, J. , León-Justel, A. , Morales-Conde, S. , Castillo, J.R. ,
Leal-Cerro, A. , Cano, D.A. , 2014. Effect of bariatric surgery on microvascular dysfunc-
tion associated to metabolic syndrome: a 12-month prospective study. Int. J. Obes. 38
(11), 1410–1415 . 

ather, K.J. , Verma, S. , Anderson, T.J. , 2001. Improved endothelial function with met-
formin in type 2 diabetes mellitus. J. Am. Coll. Cardiol. 37, 1344–1350 . 

arx, N. , Duez, H. , Fruchart, J.C. , Steals, B. , 2004. Peroxisome proliferator-activated re-
ceptors and atherogenesis: regulators of gene expression in vascular cells. Circ. Res.
94, 1168–1178 . 

en, S. , Wong, J.M. , Welch, E.J. , Xu, J. , Song, S. , Deegan, A.J. , Ravichander, A. , Casa-
vant, B. , Berthier, E. , Wang, R.K. , 2018. OCT-based angiography of human dermal
microvascular reactions to local stimuli: Implications for increasing capillary blood
collection volumes. Lasers Surg. Med. 50 (9), 908–916 . 

yers, C.E. , Klein, R. , Knudtson, M.D. , Lee, K.E. , Gangnon, R. , Wong, T.Y. , Klein, B.E. ,
2012. Determinants of retinal venular diameter: the Beaver Dam Eye study. Ophthal-
mology 119, 2563–2571 . 

uris, D.M. , Houben, A.J. , Schram, M.T. , Stehouwer, C.D. , 2012. Microvascular dysfunc-
tion is associated with a higher incidence of type 2 diabetes mellitus: a systematic
review and meta-analysis. Arterioscler. Thromb. Vasc. Biol. 32, 3082–3094 . 

uris, D.M. , Houben, A.J. , Schram, M.T. , Stehouwer, C.D. , 2013. Microvascular dysfunc-
tion: an emerging pathway in the pathogenesis of obesity-related insulin resistance.
Rev. Endocr. Metab. Disord. 14, 29–38 . 

uris, D.M. , Houben, A.J. , Kroon, A.A. , Henry, R.M. , van der Kallen, C.J. , Sep, S.J. ,
Koster, A. , Dagnelie, P.C. , Schram, M.T. , Stehouwer, C.D. , 2014. Age, waist circum-
ference, and blood pressure are associated with skin microvascular flow motion: the
Maastricht study. J. Hypertens. 32, 2439–2449 . 

ägele, M.P , Barthelmes, J. , Ludovici, V. , Cantatore, S. , von Eckardstein, A. , Enseleit, F. ,
Lüscher, T.F. , Ruschitzka, F. , Sudano, I. , Flammer, A.J. , 2018. Retinal microvascular
dysfunction in heart failure. Eur. Heart. J. 39 (1), 47–56 . 

oon, J.P. , Walker, B.R. , Webb, D.J. , Shore, A.C. , Holton, D.W. , Edwards, H.V. ,
Watt, G.C. , 1997. Impaired microvascular dilatation and capillary rarefaction in
young adults with a predisposition to high blood pressure. J. Clin. Invest. 99 (8), 
1873–1879 . 

’Connor, D.T. , Tyrell, E.A. , Kailasam, M.T. , Miller, L.M. , Martinez, J.A. , Henry, R.R. ,
Parmer, R.J. , Gabbai, F.B. , 2001. Early alteration in glomerular reserve in humans at
genetic risk of essential hypertension: mechanisms and consequences. Hypertension
37 (3), 898–906 . 

itocco, D. , Zaccardi, F. , Tarzia, P. , Milo, M. , Scavone, G. , Rizzo, P. , Pagliaccia, F. ,
Nerla, R. , Di Franco, A. , Manto, A. , Rocca, B. , Lanza, G.A. , Crea, F. , Ghirlanda, G. ,
2013. Metformin improves endothelial function in type 1 diabetic subjects: a pilot,
placebo-controlled randomized study. Diabetes Obes. Metab. 15 (5), 427–431 . 

oplin, R. , Varadarajan, A.V. , Blumer, K. , Liu, Y. , McConnell, M.V. , Corrado, G.S. , Peng, L. ,
Webster, D.R. , 2018. Prediction of cardiovascular risk factors from retinal fundus pho-
tographs via deep learning. Nat. Biomed. Eng. 2 (3), 158–164 . 

ujadas, G. , De Nigris, V. , Prattichizzo, F. , La Sala, L. , Testa, R. , Ceriello, A. , 2017. The
dipeptidyl peptidase-4 (DPP-4) inhibitor teneligliptin functions as antioxidant on hu-
man endothelial cells exposed to chronic hyperglycemia and metabolic high-glucose
memory. Endocrine 56 (3), 509–520 . 

ensma, S.P. , van Sloten, T.T. , Houben, A.J. , Köhler, S. , van Boxtel, M.P. , Berend-
schot, T.T. , Jansen, J.F. , Verhey, F.R. , Kroon, A.A. , Koster, A. , Backes, W.H. ,
Schaper, N.C. , Dinant, G.J. , Schalkwijk, C.G. , Henry, R.M. , Wolfs, E.M. , van
Heumen, M.J. , Schram, M.T. , Stehouwer, C.D. , 2020. Microvascular dysfunction is
associated with worse cognitive performance: the Maastricht study. Hypertension 75
(1), 237–245 . 

ichter, E.A. , Derave, W. , Wojtaszewski, J.F. , 2001. Glucose, exercise and insulin: emerg-
ing concepts. J. Physiol. 535 (Pt 2), 313–322 . 

ijks, J. , Vreugdenhil, A. , Dorenbos, E. , Karnebeek, K. , Joris, P. , Berendschot, T. ,
Mensink, R. , Plat, J. , 2018. Characteristics of the retinal microvasculature in asso-
ciation with cardiovascular risk markers in children with overweight, obesity and
morbid obesity. Sci. Rep. 8 (1), 16952 . 

omeny ter Haar, B. , Bekkers, e.j. , Zhang, j. , Abbasi-Sureshjani, s. , Huang, F. , Duits, R. ,
Dashtbozorg, B. , Berendschot, T. , Smit-Ockeloen, I. , Eppenhof, K.A. , Feng, J. , Han-
nink, J. , Schouten, J. , Tong, M. , Wu, H. , van Triest, H.W. , Zhu, S. , Chen, D. , He, W. ,
Xu, L. , Han, P. , Kang, Y. , 2016. Brain-inspired algorithms for retinal image analysis.
Mach. Vis. Appl. 27, 1117–1135 . 

oustit, M. , Cracowski, J.L. , 2013. Assessment of endothelial and neurovascular function
in human skin microcirculation. Trends Pharmacol. Sci. 34 (7), 373–384 . 

http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0047
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0048
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0049
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0050
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0050
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0050
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0051
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0052
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0053
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0054
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0055
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0056
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0057
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0057
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0057
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0057
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0058
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0058
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0058
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0058
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0059
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0060
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0061
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0062
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0063
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0064
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0065
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0066
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0066
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0066
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0066
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0067
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0067
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0067
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0067
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0067
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0068
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0069
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0070
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0071
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0072
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0073
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0074
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0074
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0074
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0074
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0075
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0075
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0075
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0075
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0076
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0077
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0077
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0077
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0077
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0078
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0078
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0078
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0078
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0078
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0079
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0080
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0081
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0081
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0081
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0081
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0081
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0082
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0082
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0082
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0082
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0082
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0083
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0084
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0085
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0086
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0087
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0088
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0089
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0090
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0091
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0091
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0091
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0091
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0092
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0093
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0094
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0094
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0094


A.J.H.M. Houben and C.D.A. Stehouwer Endocrine and Metabolic Science 2 (2021) 100073 

R  

 

S  

S  

 

S  

 

S  

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

 

S  

 

 

 

S  

 

 

S  

 

 

 

 

S  

 

S  

S  

 

S  

 

S  

 

 

T  

 

 

T  

 

 

T  

 

 

 

 

 

T  

 

 

T  

 

T  

 

 

T  

 

 

T  

 

v  

 

 

 

W  

 

 

W  

W  

 

 

 

Z  

Z  

 

Z  

 

 

 

ubin, R.R. , Wadden, T.A. , Bahnson, J.L. Look AHEAD Research Group, 2014. Impact of
intensive lifestyle intervention on depression and health-related quality of life in type
2 diabetes: the Look AHEAD Trial. Diabetes Care 37, 1544–1553 . 

antos, M. , Xekardaki, A. , Kovari, E. , Gold, G. , Bouras, C. , Giannakopoulos, P. , 2012.
Microvascular pathology in late-life depression. J. Neurol. Sci. 322, 46–49 . 

axton, S.N. , Clark, B.J. , Withers, S.B. , Eringa, E.C. , Heagerty, A.M. , 2019. Mechanistic
links between obesity, diabetes, and blood pressure: role of perivascular adipose tis-
sue. Physiol Rev 99 (4), 1701–1763 . 

chalkwijk, C.G. , Stehouwer, C.D. , 2020. Methylglyoxal, a highly reactive dicarbonyl com-
pound, in diabetes, its vascular complications, and other age-related diseases. Physiol.
Rev. 100 (1), 407–461 . 

chütten, M.T. , Houben, A.J. , de Leeuw, P.W. , Stehouwer, C.D. , 2017. The link between
adipose tissue renin-angiotensin-aldosterone system signaling and obesity-associated
hypertension. Physiology 32 (3), 197–209 . 

chütten, M.T.J. , Kusters, Y. , Houben, A. , Scheijen, J. , van de Waarenburg, M.P.H. , Schalk-
wijk, C.G. , Joris, P.J. , Plat, J. , Mensink, R.P. , de Leeuw, P.W. , Stehouwer, C.D.A. ,
2018. Aldosterone is not associated with metabolic and microvascular insulin sensi-
tivity in abdominally obese men. J. Clin. Endocrinol. Metab. 103 (2), 759–767 . 

iegrist, M. , Hanssen, H. , Neidig, M. , Fuchs, M. , Lechner, F. , Stetten, M. , Blume, K. , Lam-
mel, C. , Haller, B. , Vogeser, M. , Parhofer, K.G. , Halle, M. , 2014. Association of lep-
tin and insulin with childhood obesity and retinal vessel diameters. Int. J. Obes. 38,
1241–1247 . 

higiyama, F. , Kumashiro, N. , Miyagi, M. , Ikehara, K. , Kanda, E. , Uchino, H. , Hirose, T. ,
2017. Effectiveness of dapagliflozin on vascular endothelial function and glycemic
control in patients with early-stage type 2 diabetes mellitus: DEFENCE study. Cardio-
vasc. Diabetol. 16 (1), 84 . 

örensen, B.M. , Houben, A.J. , Berendschot, T.T. , Schouten, J.S. , Kroon, A.A. , van der
Kallen, C.J. , Henry, R.M. , Koster, A. , Sep, S.J. , Dagnelie, P.C. , Schaper, N.C. ,
Schram, M.T. , Stehouwer, C.D. , 2016. Prediabetes and type 2 diabetes are associ-
ated with generalized microvascular dysfunction: the Maastricht study. Circulation
134 (18), 1339–1352 . 

örensen, B.M. , Houben, A.J. , Berendschot, T.T. , Schouten, J.S. , Kroon, A.A. , van der
Kallen, C.J. , Henry, R.M. , Koster, A. , Reesink, K.D. , Dagnelie, P.C. , Schaper, N.C. ,
Schalkwijk, C.G. , Schram, M.T. , Stehouwer, C.D. , 2017a. Hyperglycemia is the main
mediator of prediabetes- and type 2 diabetes-associated impairment of microvascular
function: the Maastricht study. Diabetes Care 40 (8), e103–e105 . 

örensen, B.M. , Houben, A.J. , Berendschot, T.T. , Schouten, J.S. , Kroon, A.A. , van der
Kallen, C.J. , Henry, R.M. , Koster, A. , Dagnelie, P.C. , Schaper, N.C. , Schram, M.T. ,
Stehouwer, C.D. , 2017b. Cardiovascular risk factors as determinants of retinal and
skin microvascular function: the Maastricht study. PLoS ONE 12 (10), e0187324 . 

örensen, B.M. , van der Heide, F.C. , Houben, A.J. , Koster, A. , Berendschot, T.T. ,
Schouten, J.S. , Kroon, A.A. , van der Kallen, C.J. , Henry, R.M. , van Dongen, M.C. ,
Eussen, S.J. , Savelberg, H.H. , van der Berg, J.D. , Schaper, N.C. , Schram, M.T. , Ste-
houwer, C.D. , 2020. Higher levels of daily physical activity are associated with better
skin microvascular function in type 2 diabetes-the Maastricht study. Microcirculation
27 (4), e12611 . 

ourij, H. , Zweiker, R. , Wascher, T.C. , 2006. Effects of pioglitazone on endothelial func-
tion, insulin sensitivity, and glucose control in subjects with coronary artery disease
and new-onset type 2 diabetes. Diabetes Care 29 (5), 1039–1045 . 

tehouwer, C.D. , 2018. Microvascular dysfunction and hyperglycemia: a vicious cycle with
widespread consequences. Diabetes 67, 1729–1741 . 

teinberg, H.O. , Chaker, H. , Leaming, R. , Johnson, A. , Brechtel, G. , Baron, A.D. , 1996.
Obesity/insulin resistance is associated with endothelial dysfunction. Implications for
the syndrome of insulin resistance. J. Clin. Invest. 97, 2601–2610 . 

treese, L. , Königstein, K. , Goricki, L. , Infanger, D. , Wölnerhanssen, B. , Peters, T. ,
Schmidt-Trucksäss, A. , Hanssen, H. , 2019. Short- and long-term effects of bariatric
surgery on vascular phenotype. Obes. Surg. 29 (4), 1301–1308 . 

treese, L. , Khan, A.W. , Deiseroth, A. , Hussain, S. , Suades, R. , Tiaden, A. , Kyburz, D. ,
Cosentino, F. , Hanssen, H. , 2020. High-intensity interval training modulates retinal
microvascular phenotype and DNA methylation of p66Shc gene: a randomized con-
trolled trial (EXAMIN AGE). Eur. Heart. J. 41 (15), 1514–1519 . 
9 
an, A.W.K. , Subaran, S.C. , Sauder, S.A. , Chai, W. , Jahn, L.A. , Fowler, D.E. , Patrie, J.T. ,
Aylor, K.W. , Basu, A. , Liu, Z. , 2018. GLP-1 and insulin recruit muscle microvasculature
and dilate conduit artery individually but not additively in healthy humans. J. Endocr.
Soc. 2 (2), 190–206 . 

an, T. , Nguyen, Q. , Chua, J. , Schmetterer, L. , Tan, G.S. , Wong, C.W. , Tsai, A. , Che-
ung, G.C. , Wong, T.Y. , Ting, D.S. , 2019. Global assessment of retinal arteriolar, venu-
lar and capillary microcirculations using fundus photographs and optical coherence
tomography angiography in diabetic retinopathy. Sci. Rep. 9, 11751 . 

anaka, A. , Shimabukuro, M. , Machii, N. , Teragawa, H. , Okada, Y. , Shima, K.R. , Taka-
mura, T. , Taguchi, I. , Hisauchi, I. , Toyoda, S. , Matsuzawa, Y. , Tomiyama, H. , Ya-
maoka-Tojo, M. , Yoshida, H. , Sato, Y. , Ikehara, Y. , Ueda, S. , Higashi, Y. , Node, K. EM-
BLEM Investigators, 2019. Effect of empagliflozin on endothelial function in pa-
tients with type 2 diabetes and cardiovascular disease: results from the multicenter,
randomized, placebo-controlled, double-blind EMBLEM trial. Diabetes Care 42 (10),
e159–e161 . 

hijssen, D.H. , Black, M.A. , Pyke, K.E. , Padilla, J. , Atkinson, G. , Harris, R.A. , Parker, B. ,
Widlansky, M.E. , Tschakovsky, M.E. , Green, D.J. , 2011. Assessment of flow-mediated
dilation in humans: a methodological and physiological guideline. Am. J. Physiol.
Heart Circ. Physiol. 300 (1), H2–12 . 

ikellis, G. , Anuradha, S. , Klein, R. , Wong, T.Y. , 2010. Association between physical activ-
ity and retinal microvascular signs: the Atherosclerosis Risk in Communities (ARIC)
study. Microcirculation 17, 381–393 . 

ouwslager, R.N. , Houben, A.J. , Gielen, M. , Zeegers, M.P. , Stehouwer, C.D. , Zimmer-
mann, L.J. , Kessels, A.G. , Gerver, W.J. , Blanco, C.E. , Mulder, A.L. , 2012. Endothe-
lial vasodilatation in newborns is related to body size and maternal hypertension. J.
Hypertens. 30, 124–131 . 

ouwslager, R.N. , Houben, A.J. , Tan, F.E. , Gielen, M. , Zeegers, M.P. , Stehouwer, C.D. ,
Gerver, W.J. , Westerterp, K.R. , Wouters, L. , Blanco, C.E. , Zimmermann, L.J. , Mul-
der, A.L. , 2015. Growth and endothelial function in the first 2 years of life. J. Pediatr.
166 (3), 666–671 . 

riggle, C.R. , Ding, H. , Marei, I. , Anderson, T.J. , Hollenberg, M.D. , 2020. Why the endothe-
lium? The endothelium as a target to reduce diabetes-associated vascular disease. Can.
J. Physiol. Pharmacol. 98 (7), 415–430 . 

an der Velde, J.H. , Schaper, N.C. , Stehouwer, C.D. , van der Kallen, C.J. , Sep, S.J. ,
Schram, M.T. , Henry, R.M. , Dagnelie, P.C. , Eussen, S.J. , van Dongen, M.C. , Savel-
berg, H.H. , Koster, A. , 2018. Which is more important for cardiometabolic health:
sedentary time, higher intensity physical activity or cardiorespiratory fitness? The
Maastricht study. Diabetologia 61 (12), 2561–2569 . 

ang, N. , Tan, A.W.K. , Jahn, L.A. , Hartline, L. , Patrie, J.T. , Lin, S. , Barrett, E.J. , Ay-
lor, K.W. , Liu, Z. , 2020. Vasodilatory actions of glucagon-like peptide 1 are preserved
in skeletal and cardiac muscle microvasculature but not in conduit artery in obese
humans with vascular insulin resistance. Diabetes Care 43 (3), 634–642 . 

ang, S. , Dougherty, E.J. , Danner, R.L. , 2016. PPAR 𝛾 signaling and emerging opportuni-
ties for improved therapeutics. Pharmacol. Res. 111, 76–85 . 

elikala, R.A. , Fraz, M.M. , Habib, M.M. , Daniel-Tong, S. , Yates, M. , Foster, P.J. , Whin-
cup, P.H. , Rudnicka, A.R. , Owen, C.G. , Strachan, D.P. , Barman, S.A. , 2017. Automated
quantification of retinal vessel morphometry in the UK Biobank Cohort. In: Proceed-
ings of the 2017 Seventh International Conference on Image Processing Theory, Tools
and Applications (Ipta 2017) . 

afrani, L. , Ince, C. , 2015. Microcirculation in acute and chronic kidney diseases. Am. J.
Kidney Dis. 66, 1083–1094 . 

andstra, H. , van Montfoort, A.P. , Dumoulin, J.C. , Zimmermann, L.J. , Touwslager, R.N. ,
2020. Increased blood pressure and impaired endothelial function after accelerated
growth in IVF/ICSI children. Hum Reprod Open 2020 (1), hoz037 . 

oungas, S. , Arima, H. , Gerstein, H.C. , Holman, R.R. , Woodward, M. , Reaven, P. , Hay-
ward, R.A. , Craven, T. , Coleman, R.L. , Chalmers, J. Collaborators on Trials of Lowering
Glucose (CONTROL) group, 2017. Effects of intensive glucose control on microvascu-
lar outcomes in patients with type 2 diabetes: a meta-analysis of individual participant
data from randomised controlled trials. Lancet Diabetes Endocrinol. 5 (6), 431–437 . 

http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0095
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0095
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0095
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0095
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0096
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0097
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0098
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0098
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0098
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0099
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0099
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0099
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0099
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0099
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0100
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0101
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0102
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0103
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0104
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0105
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0106
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0107
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0107
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0107
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0107
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0108
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0108
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0109
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0110
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0111
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0112
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0113
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0114
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0115
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0116
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0116
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0116
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0116
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0116
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0117
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0118
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0119
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0120
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0121
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0122
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0122
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0122
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0122
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0123
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0124
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0124
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0124
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0125
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126
http://refhub.elsevier.com/S2666-3961(20)30027-3/sbref0126

	Microvascular dysfunction: Determinants and treatment, with a focus on hyperglycemia
	1 Introduction
	2 The microcirculation: definition and function
	3 Assessment of microvascular function
	3.1 Recent developments

	4 Important drivers of MVD
	4.1 Genetics
	4.2 Low birth weight
	4.3 Aging
	4.4 Physical inactivity
	4.5 Overweight and obesity

	5 Interplay between hyperglycemia and MVD
	6 Treatment of MVD
	6.1 Weight loss
	6.2 Physical activity
	6.3 Drugs
	6.3.1 Antihyperglycemic drugs
	6.3.2 Renin angiotensin aldosterone system drugs


	7 Conclusions and future directions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgment
	Peer Review Summary
	References


