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INTRODUCTION  

The prevalence of obesity is increasing worldwide and has reached epidemic proportions 

in Western society.
1
 Central obesity and a sedentary lifestyle are main causes of type 2 

diabetes mellitus (T2DM).
2
 Consequently, the increases in their prevalence results in an 

increased prevalence of T2DM.
3
 However, how obesity leads to T2DM is incompletely 

understood. We and others have advanced the hypothesis that microvascular dysfunction 

may function as an intermediate step linking central obesity to T2DM.
4-7

 Understanding 

this pathophysiology may contribute to more precise risk assessment for the development 

of T2DM, and additionally to new treatment targets for prevention of these obesity-

related disorders.  

Microvascular dysfunction may be both cause and consequence of T2DM. On the 

one hand, it is generally accepted that T2DM cause microvascular dysfunction and 

microvascular complications such as retinopathy, neuropathy, and nephropathy.
8-10

 On 

the other hand, microvascular dysfunction has been identified as an antecedent of 

T2DM.
7,9,11

 In addition, we
12-14

 and others
15,16

 have demonstrated that microvascular 

dysfunction is impaired in (central) obesity, and obesity has been suggested as a primary 

cause of microvascular dysfunction.
6
 Therefore, microvascular dysfunction may be an 

intermediate step linking central obesity to T2DM.
4-7

 In the following subsections we will 

discuss the definition, function, and assessment of microvascular (dys)function. In 

addition, we will discuss the role for microvascular dysfunction as an intermediate step 

linking central obesity to insulin resistance and subsequent T2DM in detail. Finally, we will 

discuss the general aim and outline of this thesis.  

 

MICROCIRCULATION: DEFINITION, FUNCTION, AND 

ASSESSMENT 

DEFINITION AND FUNCTION 

 

The microcirculation can be defined anatomically, i.e., as vessels less than 150 μm in 

diameter, including all capillaries and venules and small arterioles.
11

 However, this 

definition excludes larger arterioles with a diameter above 150 μm, which may be 

important to microcirculatory function.
11

 An alternative definition is based on 
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arterial/arteriolar vessel physiology, and includes all vessels that respond to increased 

pressure by a myogenic reduction in lumen diameter. Such a definition also includes the 

larger arterioles in the microcirculation in addition to capillaries and venules.
6,11,17

  

The microcirculation has three essential functions which serve to regulate whole 

body and tissue metabolism, and blood pressure
4,5

: 1) regulation of the exchange of 

nutrients, oxygen, and hormones; 2) avoidance of large fluctuations in hydrostatic 

pressure at the capillary level; and 3) determining the overall peripheral resistance, since 

the quantitatively most substantial drop in hydrostatic pressure occurs at the level of the 

microcirculation.
11

 Microvascular dysfunction is defined as an impairment in one or more 

of these functions.  

ASSESSMENT 

ESTIMATES OF MICROVASCULAR FUNCTION 

Currently, several types of estimates of microvascular (endothelial or smooth muscle cell) 

function are available.
18

 First, assessment of microvascular function in specific 

microvascular beds is frequently used, such as in 1) skin (by capillaroscopy and laser-

Doppler flowmetry); 2) muscle (by plethysmography and contrast-enhanced 

ultrasonography); 3) conjunctival bed (by intravital microscopy) and 4) retina (by 

photography). Responses can be studied in the basal state and after applying a stimulus, 

such as reactive hyperemia, heating, or local or systemic administration of endothelium-

(in)dependent vasoactive agents such as acetylcholine and sodium nitroprusside, with 

lower responses in general reflecting microvascular dysfunction.
19-21

 In addition, in the 

retinal microvasculature (as evaluated by retinal photography)
22-25

 venular dilation and 

arteriolar narrowing have been associated with, and may be markers of, endothelial 

dysfunction.
26

 Moreover, responses of the retinal microvasculature can be studied after 

applying a flicker-light stimulus, with lower responses thought to reflect endothelial 

dysfunction.
27

 Second, microvascular function can be assessed with the use of biomarkers. 

Thus, measurement of plasma levels of endothelium-derived regulatory proteins (e.g., 

soluble E-selectin (sE-selectin), soluble intercellular adhesion molecule 1 (sICAM-1), 

soluble vascular adhesion molecule 1 (sVCAM-1), and von Willebrand factor (vWF)
28

) is 

often used. Increased levels of these markers are thought to reflect endothelial 

permeability to leucocytes (i.e., sE-selectin, sICAM-1, and sVCAM-1)
28-31

, and 

prothrombotic and procoagulant activity (i.e., vWF).
28,30,31

 Note that the microvascular 

endothelium is the most important determinant of these plasma markers of endothelial 

dysfunction
28,32-34

, because of its large surface area and production capacity (i.e., the 

microvasculature covers 98% of the total vascular surface area
35

). For these reasons, it is 
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plausible to assume that higher circulating concentrations of these markers reflect 

microvascular endothelial dysfunction. Another biomarker of microvascular function is 

urinary albumin excretion or microalbuminuria, which is thought to reflect a generalized 

increase in endothelial permeability
28

, and is frequently used as a marker of general 

endothelial dysfunction.
28,30,31,36-38

 This concept is derived from data showing that 

microalbuminuria is associated with a greater transcapillary escape rate of albumin, i.e. 

with greater microvascular permeability
28

 and from data showing that microalbuminuria is 

strongly associated with risk of cardiovascular disease, that this association cannot be 

explained by conventional risk factors, and that changes in microalbuminuria are 

paralleled by changes in cardiovascular risk (reviewed elsewhere
39

).  

MIRCOVASCULAR VASOMOTION 

Microvascular vasomotion, i.e. rhythmic changes in (pre-capillary) arteriolar diameter, is 

thought to be an important component of microvascular function.
14

 In fact, these 

rhythmic oscillations regulate microvascular flow distribution so that various tissue 

regions are intermittently perfused.
14,40

 Thus, vasomotion may be an important 

component of microcirculatory function by ensuring optimal delivery of nutrients and 

oxygen to tissue and regulating local hydraulic resistance.
14,41,42

 Different mechanisms are 

thought to contribute to vasomotion: the activity of the vascular endothelium, neurogenic 

activity, myogenic activity of vascular smooth muscle cells, respiration, and cardiac 

contraction frequency.
19,43-45

 The rhythmic changes in arteriolar diameter caused by 

vasomotion produce periodical fluctuations of flow known as microvascular flowmotion, 

which can easily be assessed using laser-Doppler flowmetry.
41

 

 

MICROVASCULAR DYSFUNCTION: A CAUSE OF INSULIN 

RESISTANCE  

Insulin resistance is typically defined as decreased sensitivity and/or responsiveness to the 

metabolic actions of insulin, which results in impaired glucose disposal.
5,6,46,47

 In muscle 

cells, activation of the phosphatidylinositol-kinase (PI3K) pathway leads to translocation of 

glucose transporter-4 (GLUT-4) to the cell membrane, which activates the downstream 

pathways of glucose metabolism.
5,6,46-48

 The translocation of GLUT-4 is believed to be the 

rate-limiting step for insulin-mediated glucose uptake in muscle.
48,49

 Several studies 

demonstrated that inappropriate fat accumulation in muscle cells or the release of 

inflammatory cytokines by fat cells may affect this pathway.
48,50,51

 This process is referred 
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to as metabolic insulin resistance, and is widely accepted to precede the development of 

T2DM.
10

 Nevertheless, most studies investigating metabolic insulin resistance examined 

individuals with long-standing T2DM.
52

 These studies demonstrated that there are indeed 

defects in the insulin-signalling pathway in muscle cells in the diabetic state.
19,53

 However, 

an important and necessary step preceding translocation of GLUT-4 is the perfusion of the 

microvasculature within the skeletal muscle in order to deliver insulin and glucose to the 

muscle cells.  

Since the 1990s, there has been an increasing interest in this precellular step, and 

it has become clear that the delivery of insulin and glucose to muscle tissue is regulated by 

insulin itself via direct effects on microvascular function that require activation of the 

insulin receptor on endothelial cells.
6,47

 Baron and colleagues
54

 first reported that insulin 

increases total blood flow in skeletal muscle, which is paralleled by an increase in insulin-

mediated glucose uptake.
54,55

 Although some studies have confirmed this vascular action 

of insulin
56,57

, most studies observed only insulin-mediated increases in total limb blood 

flow after using supra-physiological doses of insulin or after several hours of delay when 

physiological concentrations were used.
58-60

 Therefore, the physiological importance of 

insulin’s ability to increase total blood flow remains controversial.
6,19,59

 However, besides 

these actions on resistance vessels, insulin can redirect blood flow in skeletal muscle from 

non-nutritive to nutritive capillary networks, without increasing total blood flow. This 

results in a net increase of the overall number of perfused nutritive capillary networks
6
, 

and thereby increases insulin-mediated glucose uptake by skeletal muscle.
47,58

 This 

process is referred to as functional (nutritive) capillary recruitment. Such capillary 

recruitment requires physiological concentrations of insulin and has a time course that 

accords well with the time course for insulin-mediated glucose uptake in skeletal 

muscle.
46,59,61

 In addition, this process has been shown to be endothelium-dependent, 

requiring activation of the PI3K pathway in the endothelial cell
46

, including the insulin 

receptor, insulin receptor substrate 1 (IRS-1), insulin receptor substrate 2 (IRS-2)
62

, 

phosphoinositide-dependent kinase 1 (PDK-1), and protein kinase B (Akt) (Fig. 1.1).
46,48

  In 

contrast to muscle cells, this activation does not result in translocation of GLUT-4 to the 

cell surface, but in the production of NO due to increased endothelial NO synthase (eNOS) 

activity (Fig. 1.1).
46

 Consequently, insulin-induced stimulation of endothelial cells leads to 

increased NO production, which stimulates capillary recruitment
46

 and transendothelial 

transport of insulin.
63

 In addition, however, insulin also has vasoconstrictor effects 

through the production of endothelin-1 (ET-1) through stimulation of the intracellular 

MAP kinase signalling (MAPK) pathway and extracellular signal-regulated kinase-1/2 (ERK-

1/2) (Fig. 1.1).
46

 In physiological conditions, when insulin binds to the insulin or insulin-like 

growth factor receptor on endothelial cells
64

, the net result usually favours NO 

production
6
 and thus vasodilatation and capillary recruitment. 
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Figure 1.1. When insulin binds to the insulin receptor of endothelial cells, the PI3K and MAPK pathways in the 

endothelial cell are activated. These activations lead to the production of NO and ET-1, resulting in vasodilatation 

and vasoconstriction respectively. Normally, the net result usually favours NO production, resulting in a 

redirection of blood flow in skeletal muscle from non-nutritive capillaries to nutritive capillaries, thereby 

increasing insulin-mediated glucose uptake by skeletal muscle. In obesity, there is an increase in several 

circulating adipose tissue-derived factors, in particular FFA and TNF-α, whereas the anti-inflammatory adipokine 

adiponectin is decreased. FFA and TNF-α affect the insulin signaling pathway in endothelial cells by the activation 

of PKC θ and JNK respectively. In addition, decreased adiponectin levels decrease AMPK phosphorylation. 

Accordingly, these endocrine factors are likely candidates to influence insulin signalling pathways (i.e. decreased 

PI3K activation and increased ERK-1/2 activation) in endothelial cells, thereby impairing insulin-mediated 

vasodilatation and capillary recruitment, and thus skeletal muscle glucose uptake. , stimulation; , 

inhibition; IRS-1/2, insulin receptor substrate 1/2; PI3K, phosphatidylinositol-kinase-dependent; Akt, protein 

kinase B; eNOS, endothelial nitric oxide synthase; NO, nitric oxide; ERK-1/2, extracellular signalregulatedkinase-

1/2; ET-1, endothelin-1; FFA, free fatty acids; TNF-α, tumor necrosis factor-α; JNK, intracellular enzyme c-Jun N-

terminal kinase; PKC θ, protein kinase C; AMPK, 5′ adenosine monophosphate-activated protein kinase 

 

There now is substantial evidence, derived from both animal experiments and 

observations in humans, that this pathway is an important determinant of insulin-

mediated glucose uptake in muscle. Thus, Clark and colleagues
40

 were the first to report 

insulin-mediated capillary recruitment in skeletal muscle of the rat hind limb. In 

subsequent in vivo rat studies, the effect of insulin on capillary perfusion was 

confirmed.
60,65,66

 In human muscle, it was established that insulin increased microvascular 

blood volume.
67,68

 In addition, hyperinsulinaemia was shown to enhance skin post-

occlusive capillary recruitment and microvascular vasomotion.
69,70

 Moreover, capillary 

recruitment and acetylcholine-mediated vasodilatation of both skin and resistance 
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arteries were strongly associated with insulin sensitivity.
71-75

 In further support of the 

physiological importance of insulin-mediated capillary recruitment, several studies have 

demonstrated that insulin-mediated capillary recruitment contributes to glucose disposal 

in skeletal muscle.
12,58,61,62,68,76,77

 In subsequent studies, it was established that 

approximately 40% of insulin-mediated glucose uptake by skeletal muscle can be 

attributed to capillary recruitment.
61,78,79

 In pathophysiological conditions, both obese 

Zucker rats
80

 and obese insulin-resistant humans
12-14,67,71,77,81-86

 are characterized by 

impaired capillary recruitment as well as impaired insulin-mediated glucose uptake by 

skeletal muscle in the basal state and during hyperinsulinaemia.   

In accordance, accumulating evidence supports the hypothesis that microvascular 

dysfunction precedes and even predicts the development T2DM. First, studies which 

examined diet-induced insulin resistance in both vasculature and skeletal muscle 

demonstrated that microvascular endothelial dysfunction develops well before impaired 

insulin activation of PI3K in skeletal muscle.
87,88

 Second, a recent study demonstrated 

reduced insulin-mediated glucose uptake by skeletal muscle in tissue-specific knockout 

mice lacking IRS-2 in endothelial cells.
62

 Importantly, glucose uptake by isolated skeletal 

muscle from these mice was not impaired, indicating that microvascular endothelial 

dysfunction causes impaired insulin-mediated glucose uptake even while insulin signalling 

pathways in skeletal muscle cells are intact.
62

  

In summary, these findings strongly support the hypothesis that microvascular 

dysfunction is a cause of insulin resistance, by affecting insulin-mediated glucose uptake 

by skeletal muscle through impaired capillary recruitment (Fig. 1.2).
4-7

 Subsequently, the 

hyperglycaemia and hyperinsulinaemia that evolve from metabolic insulin resistance can 

further impair endothelial dysfunction (and thus capillary recruitment)
89-91

 and glucose 

disposal
19

, which results in a vicious circle (Fig. 1.2).  

Importantly, by increasing peripheral vascular resistance, microvascular 

dysfunction can also contribute to the development of hypertension (Fig. 1.2), which 

suggests that microvascular dysfunction constitutes one of the links between insulin 

resistance and hypertension in the metabolic syndrome (reviewed elsewhere
4-7

). 

 



                14 Chapter 1 

 

 
Figure 1.2. Hypothesis describing microvascular dysfunction as an intermediate step linking central obesity to 

insulin resistance (and, downstream, T2DM) and hypertension (adapted with permission from Jonk
19

). TNF-α, 

tumor necrosis factor-α 

 

OBESITY: A CAUSE OF MICROVASCULAR DYSFUNCTION 

Several mechanisms may be involved in the development of obesity-related microvascular 

dysfunction. In the following subsections the two main mechanisms will be discussed. 
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OBESITY-RELATED INTRACELLULAR SIGNALING 

We
12-14

 and others
15,16,67,92,93

 have demonstrated that microvascular dysfunction is 

impaired in obesity and that microvascular dysfunction develops progressively along with 

an increase in adipose tissue.
47,72,94

 In obesity, insulin-mediated activation of the PI3K 

pathway in endothelial cells is selectively impaired while the insulin-mediated activation 

of ERK-1/2 is intact
47,95

, i.e., there is endothelial or microvascular insulin resistance with 

regard to insulin’s vasodilator actions. For example, studies in diet-induced obesity in 

animals revealed blunted PI3K signalling pathways in endothelial cells through impaired 

insulin-mediated phosphorylation of Akt
87,96,97

 and eNOS
62,87,96,98

, whereas insulin-

mediated ET-1 expression was unchanged.
62,98

  

Thus, obesity-related microvascular dysfunction is characterized by cellular 

defects in endothelial cells that influence the balance between vasodilatation and 

vasoconstriction. The selective impairment in endothelial cells may contribute importantly 

to obesity-related insulin resistance (Fig. 1.2).  

OBESITY-RELATED ENDOCRINE SIGNALING 

The close association between adipose tissue and microvascular functioning strongly 

suggests signalling pathways between adipose tissue and the microcirculation.
6,47

 Adipose 

tissue and in particular visceral adipose tissue cells secrete a variety of bioactive 

substances called adipokines.
6,47

 In obesity, there is an enhanced production of free fatty 

acids (FFAs), tumor necrosis factor (TNF)-α, leptin, resistin, and several other inflammatory 

cytokines
6,47

, whereas the production of adiponectin, an anti-inflammatory adipokine, is 

reduced.
6,99

  

Several studies have demonstrated that systemic FFA infusion inhibits insulin-

mediated capillary recruitment
86,100-102

 and forearm blood flow responses
103

 with 

subsequent blunted insulin-mediated glucose uptake by skeletal muscle.
100-102,104-108

 

Conversely, lowering FFA levels in obese subjects improved basal and insulin-mediated 

capillary recruitment in obese insulin-resistant individuals.
86

 FFA may induce insulin 

resistance through activation of protein kinase C (PKC) θ which subsequently inhibits 

insulin-mediated phosphorylation of Akt and stimulates ERK-1/2 (Fig. 1.1).
109

 

TNF-α inhibits both insulin-mediated capillary recruitment and insulin-mediated 

glucose uptake by skeletal muscle.
94,110,111

 TNF-α may induce endothelial insulin resistance 

trough activation of intracellular enzyme c-Jun N-terminal kinase (JNK).
112

 JNK has been 

shown to regulate both whole-body insulin sensitivity and insulin-mediated cell 

signalling.
47,113

 Hence, activation of JNK impairs the PI3K pathway and stimulates the 

phosphorylation of ERK-1/2 in endothelial cells
112,114

, resulting in insulin-mediated 
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vasoconstriction (Fig. 1.1).
47

 Conversely, a recent study found that specific inhibition of 

JNK in db/db mice can restore the blunted insulin-mediated vasodilatation.
115

 

Adiponectin has been shown to increase insulin sensitivity and improve vascular 

function.
116

 These beneficial effects are probably attributable to stimulation of 5’ 

adenosine monophosphate-activated protein kinase (AMPK) phosphorylation by 

adiponectin, which enhances insulin-mediated vasodilatation through increased eNOS 

phosphorylation and decreased ERK-1/2 stimulation (Fig. 1.1).
117,118

 In addition, 

adiponectin itself can reduce the production of proinflammatory cytokines, which has 

favourable effects of insulin-signalling pathways.
5,119,120

 In obesity, adiponectin levels are 

decreased, which is probably caused by TNFα and IL-6, as well as by other inflammatory 

mediators.
5,120,121

 

Another important system that has been suggested to be involved in 

microvascular functioning is the renin-angiotensin system (RAS).
6
 All the components of 

the RAS necessary to generate the vasoconstrictor angiotensin II (AngII) are expressed in 

human adipose tissue.
6,122,123

 In obese subjects there is enhanced activation of the RAS, 

which may directly relate to the mass of adipose tissue.
6,124

 Enhanced RAS activity may 

have detrimental effects on insulin-mediated skeletal muscle glucose uptake by 1) 

affecting insulin-mediated IRS-1 phosphorylation in endothelial cells
125,126

; 2) production 

of reactive oxygen species (ROS), which reduce NO bioavailability
127,128

; and 3) stimulation 

of the release of ET-1.
129,130

  

In addition to the above, leptin and other cytokines and chemokines have also 

been implicated in the pathogenesis of endothelial or (micro)vascular insulin resistance 

(reviewed elsewhere
5,120,131,132

).  

In summary, in obesity, there is an increase in several circulating adipose tissue-

derived factors, in particular FFA and TNF-α, whereas the anti-inflammatory adipokine, 

adiponectin, is decreased. These endocrine factors are likely candidates to influence 

insulin signalling pathways in endothelial cells, thereby causing both impaired insulin-

mediated vasodilatation and impaired skeletal muscle glucose uptake (Fig. 1.1).
6
 Hence, 

these endocrine factors provide a potential link between obesity-related microcirculatory 

dysfunction and obesity-related insulin resistance (Fig. 1.2).
6
 In addition to these systemic 

endocrine effects, we and others have postulated a vasoregulatory role for local deposits 

of fat next to the microvasculature (i.e. perivascular adipose tissue, PVAT).
6,47,133

 

Adipokines released by these fat cells may directly inhibit vasodilatory pathways locally, 

and thus have a local rather than a systemic vasoregulatory effect, which we named 

“vasocrine”.
6,47,133

 A recent animal study demonstrated dramatic increases in PVAT in 

muscle of db/db mice. In addition, these mice had a reduction in adiponectin release by 

PVAT and decreased insulin-mediated vasodilatation
115

, indicating that PVAT induces 

microvascular dysfunction by influencing insulin signalling and thereby insulin’s 

microvascular effects.
4
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CONCLUDING REMARKS 

Considerable evidence exists that microvascular dysfunction is a key feature in the 

development of obesity-related T2DM. Obesity is associated with microvascular 

dysfunction through alterations in endocrine and vasocrine signals that cause alterations 

in microvascular endothelial and skeletal muscle intracellular signalling. Microvascular 

dysfunction, in turn, may contribute to both the development of T2DM – by impairing the 

timely access of glucose and insulin to their target tissues (Fig. 1.2).  

Importantly, it is generally accepted that T2DM causes clinically apparent diabetic 

microangiopathy including retinopathy, neuropathy, and nephropathy.
8-10

 Changes in 

microvascular function and structure underlie the pathogenesis of diabetic 

microangiopathy.
134

 In addition, T2DM is associated with organ damage in the heart and 

the brain, leading to heart failure, cognitive decline, and depression,
135-137

 which can occur 

even in the absence of clinically apparent diabetic microangiopathy.
138,139

 A potential 

explanation to explain such findings is that T2DM can be associated with microvascular 

dysfunction that is not detected by standard clinical examination. Therefore, it is possible 

to envisage a vicious circle of progressive microvascular dysfunction, caused by obesity, 

which contributes to the development of T2DM, which, in turn, contributes to a further 

deterioration of microvascular function, and, ultimately, to the development of structural 

microvascular changes and diabetic microangiopathy (Fig 1.3). 

As microvascular vasomotion may be an important component of  

microcirculatory function – by ensuring optimal delivery of nutrients and oxygen to tissue 

and regulating local hydraulic resistance
14,41,42

 –, an impaired vasomotion, initiated by 

obesity, may have negative effects on the delivery of nutrients and oxygen to tissue and 

local hydraulic resistance and thus microvascular functioning. This, in turn, may contribute 

to the development of T2DM (Fig. 1.3).  

To date, most studies on the role of microvascular dysfunction in the 

development of obesity-related T2DM have been conducted in small groups of highly 

selected patients. For instance, in a study investigating microvascular function in obesity, 

lean subjects with a body mass index (BMI) 21.3 ± 1.9 kg/m
2
 were compared with obese 

subjects with a BMI of 38.8 ± 7.0 kg/m
2
.
12

 In addition, evidence how microvascular 

dysfunction relates to general cardiovascular risk factors, such as cholesterol and smoking, 

is scarce. It is therefore necessary to investigate the (longitudinal) associations of obesity, 

T2DM, and other cardiovascular risk factors with microvascular dysfunction with an 

epidemiological approach. An epidemiological approach has several advantages over 

small-scale experimental studies, since 1) it enables investigation of relatively unbiased 

associations (i.e., without selection bias and without [or with proper adjustment for] 

confounding), 2) it enables assessment of multiple exposures and multiple outcomes, and 

3) longitudinal studies provide more information about the underlying associations.
140
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Figure 1.3. Hypothesis describing how microvascular dysfunction, initiated by obesity, contributes to the 

development of T2DM, which in turn, contributes to a further deterioration of microvascular function, and 

ultimately to the development of diabetic microangiopathy. In addition, impaired vasomotion, as an important 

component of microvascular function, may have negative effects on the delivery of nutrients and oxygen to 

tissues and on local hydraulic resistance and thus on microvascular functioning. 
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OUTLINE OF THE THESIS 

Since epidemiological evidence on the role of microvascular dysfunction in the 

development of T2DM is largely lacking, the general aim of this thesis was to investigate 

the associations of microvascular dysfunction with T2DM and long-term hyperglycaemia 

with an epidemiological approach. In chapter 2 we provide a detailed description of the 

concepts and techniques we used for the assessment of microvascular function. In 

general, assessment of microvascular function in specific vascular beds – especially the 

assessment of skin capillary density – is technically demanding and time-consuming, and is 

thus mostly used in relatively small-scale, experimental studies. Therefore, we first 

developed a semi-automatic method for the assessment of skin capillary density, which 

facilitates the use of skin capillaroscopy in large-scale studies. In chapter 2.3 we describe 

this new technique and present accuracy, reproducibility and efficiency results.  

Since the early 2000s, a growing number of prospective studies have investigated 

the association between various estimates of microvascular dysfunction (e.g., in eye and 

kidney) with both incident impaired fasting glucose (IFG) and T2DM. In order to test the 

hypothesis that microvascular dysfunction is associated with incident IFG and T2DM, we 

conducted a systematic review and meta-analysis (chapter 3; Fig 1.3).  

In order to test the hypothesis that changes in microvascular function and 

structure can be present in T2DM even in the absence of clinical evidence of 

microangiopathy, we investigated the cross-sectional association of T2DM and long-term 

hyperglycaemia with functional and structural capillary density in the skin (chapter 4; Fig. 

1.3).  

The periodical fluctuations of flow produced by vasomotion are known as 

microvascular flowmotion. Skin microvascular flowmotion (SMF)  can easily be assessed 

using laser-Doppler flowmetry.
41

 In order to test the hypothesis that microvascular 

vasomotion (i.e., SMF) is altered in obesity, T2DM, and hypertension (Fig. 1.3), we 

investigated the cross-sectional associations of cardiovascular risk factors (i.e., age, sex, 

waist circumference, total-to-HDL cholesterol ratio, 24-h systolic blood pressure, and pack 

years of smoking) with SMF, which is described in chapter 5 (Fig. 1.3). 

Finally, chapter 6 summarizes and discusses the results of the studies in this 

thesis and implications for future research. 
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STUDY POPULATION 

In chapters 4 and 5 of this thesis we used data from The Maastricht Study, an ongoing 

observational prospective population-based cohort study.
1
 The study focuses on the 

aetiology and pathophysiology of type 2 diabetes (T2DM), its classic complications 

(cardiovascular disease, nephropathy, neuropathy, and retinopathy) and its emerging 

comorbidities (e.g., cognitive decline, depression, and gastrointestinal, respiratory and 

musculoskeletal diseases), as well as on the development of chronic diseases in the 

general population.  

Eligible for participation were all individuals aged between 40 and 75 years and 

living in the southern part of the Netherlands (municipalities of Maastricht, Eijsden-

Margraten, Meerssen and Valkenburg). Participants were recruited through mass media 

campaigns and from the municipal registries and the regional Diabetes Patient Registry via 

mailings. For reasons of efficiency, the study population is enriched with T2DM 

participants to increase the statistical power to identify any potential contrasts between 

individuals with and without T2DM.  

The examinations of each participant were performed within a time window of 

three months. Extensive phenotyping is performed by trained research assistants, 

according to standardized protocols, during three to four 4-hour visits to the Maastricht 

Study research centre. The study has been approved by the institutional medical ethical 

committee (NL31329.068.10) and the Netherlands Health Council under the Dutch “Law 

for Population Studies” (Permit 131088-105234-PG). All participants gave written 

informed consent. 

The present thesis includes cross-sectional data from the first 866 participants, 

who completed the baseline survey between November 2010 and March 2012. Of the 866 

participants included, 473 (54.6%) were men, 140 (16.2%) had an impaired glucose 

metabolism (IGM; defined as having either impaired fasting glucose [IFG] or impaired 

glucose tolerance [IGT]), 253 (29.2%) had T2DM, 397 (45.8%) had hypertension (based on 

office blood pressure measurements), 152 (17.6%) had a prior cardiovascular event, and 

140 (16.2%) were current smokers. Mean age was 59.8 ± 8.5 years, mean body mass index 

was 27.3 ± 4.5 kg/m
2
, mean serum high-density lipoprotein (HDL) cholesterol was 1.3 ± 

0.4 mmol/L, mean serum low-density lipoprotein (LDL) cholesterol was 3.3 ± 1.1 mmol/L, 

and median serum triglycerides were 1.2 [interquartile range 0.9 – 1.8] mmol/L.  
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METHODS USED TO STUDY THE MICROVASCULATURE 

In the Maastricht Study we used two different methods to study skin microvasculature; 1) 

laser Doppler flowmetry with Fourier analysis of the laser Doppler signal and 2) 

capillaroscopy. All participants were asked to refrain from smoking and caffeine 3 hours 

before the measurements. A light meal (breakfast and (or) lunch) low in fat content was 

allowed prior to the start of the microvascular measurements. The measurements were 

performed in a quiet, temperature-controlled room (T = 24°C) with participants in supine 

position. In the following subsections we provide a detailed description of the 

measurement techniques performed in the Maastricht Study.  

 

LASER DOPPLER FLOWMETRY 

TECHNIQUE 

Laser Doppler flowmetry (LDF) is a non-invasive technique which allows continuous 

monitoring of the dynamic variation in microvascular perfusion in the skin. The technique 

is based on the emission of a beam of laser light carried by a fibre-optic probe. The light 

penetrates the skin and a fraction of the light is backscattered by moving erythrocytes and 

also partly absorbed by the tissue being studied. Light which is backscattered from moving 

erythrocytes undergoes a shift in frequency proportional to their velocity, according to the 

Doppler principle, while light hitting static objects is unchanged. The magnitude and 

frequency distribution of these changes in wavelength are directly related to the number 

and velocity of the blood cells in the sample volume. The information is picked up by a 

returning fibre, converted into an electronic signal and analysed. A limitation of LDF is that 

researchers cannot be sure what volume of tissue is being measured. Thus, rather than 

perfusion being measured quantitatively (e.g., mL/min/100 gram tissue), it is expressed as 

blood flow in arbitrary perfusion units (PU). PU is the product of the velocity and 

concentration of moving red blood cells.
1
 

The measuring depth depends on tissue properties such as the structure and 

density of the capillary beds, pigmentation, and oxygenation. It also depends on the 

wavelength of the laser light, and on the distance between the sending and receiving 

fibres in the laser Doppler probe. In the present thesis, a thermostatic laser Doppler probe 

(PF 457, Perimed, Stockholm, Sweden) was used with a measuring depth in the order of 
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0.5 – 1.0 millimetre. The LDF signals from the skin will therefore reflect perfusion in 

predominantly arterioles and venules
2
 (derived from http://www.perimed-

instruments.com/support/theory/laser-doppler).  

SKIN MICROVASCULAR FLOWMOTION 

Skin microvascular flowmotion (SMF) can easily be assessed using laser-Doppler 

flowmetry. In order to perform SMF measurements, cutaneous blood perfusion was 

measured by means of a laser Doppler system (Periflux 5000, Perimed, Stockholm, 

Sweden), equipped with a thermostatic laser Doppler probe (PF 457; Perimed, Stockholm, 

Sweden) at the dorsal side of the wrist of the left hand. Since flowmotion has 

predominantly been observed in participants with a skin temperature above 29.3°C
3
, the 

laser Doppler probe was set at 30°C. The LDF output was recorded for 25 minutes with a 

sample rate of 32Hz, which gives a semi quantitative assessment of skin microvascular 

blood perfusion expressed in arbitrary PU.  

A fast-Fourier transform algorithm was performed by means of Perisoft dedicated 

software (PSW version 2.50; Perimed) to measure the power density of the LDF 

oscillations. The frequency spectrum between 0.01 and 1.6 Hz was divided into five SMF 

components: 1) endothelial, 0.01–0.02 Hz; 2) neurogenic, 0.02–0.06 Hz; 3) myogenic, 

0.06–0.15 Hz; 4) respiratory, 0.15–0.40 Hz; and 5) heartbeat, 0.40– 1.60 Hz.
4
 In addition, 

total SMF energy was obtained by the sum of the power density values of the total 

frequency spectrum. 

 

SKIN CAPILLAROSCOPY 

Intravital skin capillaroscopy is a dynamic method to directly visualize perfused nutritive 

capillaries in human skin. Skin capillaroscopy without dyes depends on the presence of red 

blood cells inside capillaries for their identification. Skin capillaries were visualized in the 

skin of the dorsal phalanges of the third and fourth finger of the right hand by use of a 

digital video microscope (Capiscope®, KK Technology, Honiton UK, 

http://www.kktechnology.com) with a system magnification of 100×. Capillaries were 

visualized ~4.5 mm proximal to the terminal row of capillaries in the middle of the nailfold, 

where capillaries run perpendicularly to the skin. In this visual field, the investigator 

selected a region of interest (ROI) of a square millimetre of skin.  Subsequently, capillaries 

with eye-catching morphological features were kept on the same spot in the visual field 

(marked by a dot on the monitor) to ensure that capillary density was measured in exactly 
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the same visual field during the entire experiment.
5
 Capillary density was measured under 

three conditions. First, we measured baseline capillary density, defined as the number of 

continuously erythrocyte-perfused capillaries per square millimetre of skin. The number of 

baseline capillaries was counted during a 15-second period. During this period, only 

continuously perfused capillaries were counted (Fig. 2.2.1A). Second, we used post-

occlusive reactive hyperaemia after 4 minutes of arterial occlusion to assess functional 

capillary reserve capacity (capillary recruitment during peak reactive hyperaemia (PRH)) 

(Fig. 2.2.1B). For the assessment of reactive hyperaemia, a miniature cuff (Digit cuff, 

Hokanson, Inc., Bellevue, WA, USA) was applied on the base of the investigated finger and 

inflated to suprasystolic pressure (~260 mmHg). After 4 minutes of arterial occlusion the 

cuff was released. The commonly used occlusion of 4 minutes
6,7

 is expected to cause 

vasodilatation through both the mechanism of myogenic vasodilatation and metabolic 

vasodilatory stimuli.
8
 Directly after release of the cuff, all (continuously and intermittently) 

perfused capillaries were counted for 15 seconds (Fig. 2.2.1B). Third, we applied venous 

congestion, with the cuff inflated to 60 mmHg for 2 minutes, to expose the maximal 

number of capillaries (i.e., structural capillary density). Capillaries during venous 

congestion were counted in the last 60-second recordings, by counting all (continuously 

and intermittently) perfused capillaries for 15 seconds. Venous congestion increases 

venous back pressure, which allows passive trapping of red blood cells in non-perfused 

and intermittently perfused capillaries, thereby enhancing the visualization of capillaries 

filled with red blood cells (i.e., allows visualization of the maximal number of skin 

capillaries).
7,9

 Nevertheless, it is not clear how the true maximal capillary density should 

be assessed,
6
 as we recently demonstrated that hyperinsulinaemia significantly increases 

capillary density during venous congestion.
6,7,9

 All procedures were performed on two 

separate fingers, and the mean of both measurements was used for analyses. 

 Capillaries were counted with a semi-automatic image analysis application (described 

in chapter 2.3) by two investigators who were both masked to the characteristics of the 

participants. Both investigators counted approximately half of the participants. 
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          A.                                                                    B. 

 
Figure 2.2.1. Microscopic images in exactly the same visual field (1 mm

2
 of skin). A. Baseline capillary density. B. 

Capillary recruitment after peak reactive hyperaemia. The white arrows represent examples of non-perfused 

capillaries under baseline conditions (A) that are recruited during post-occlusive reactive hyperaemia (B).    
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ABSTRACT 

Background 

Skin capillary density and recruitment have been proven to be relevant measures of microvascular 

function. Unfortunately, the assessment of skin capillary density from movie files is very time-

consuming, since this is done manually. This impedes the use of this technique in large-scale studies. 

We aimed to develop a (semi-)automated assessment of skin capillary density. 

 

Methods 

CapiAna (Capillary Analysis) is a newly developed semi-automatic image analysis application. The 

technique involves four steps: 1) movement correction, 2) selection of the frame range and 

positioning of the region of interest (ROI), 3) automatic detection of capillaries, and 4) manual 

correction of detected capillaries. To gain insight into the performance of the technique, skin 

capillary density was measured in twenty participants (ten women; mean age 56.2 [42 – 72] years). 

To investigate the agreement between CapiAna and the classic manual counting procedure, we used 

weighted Deming regression and Bland-Altman analysis. In addition, intra- and inter-observer 

coefficients of variation (CVs), and differences in analysis time were assessed. 

 

Results 

We found a good agreement between CapiAna and the classic manual method, with a Pearson’s 

correlation coefficient (r) of 0.95 (P < 0.001) and a Deming regression coefficient of 1.01 (95%CI: 

0.91; 1.10). In addition, we found no significant differences between the two methods, with an 

intercept of the Deming regression of 1.75 (-6.04; 9.54), while the Bland-Altman analysis showed a 

mean difference (bias) of 2.0 (-13.5; 18.4) capillaries/mm
2
. The intra- and inter-observer CVs of 

CapiAna were 2.5% and 5.6% respectively, while for the classic manual counting procedure these 

were 3.2% and 7.2%, respectively. Finally, the analysis time for CapiAna ranged between 25 – 35 

minutes versus 80 – 95 minutes for the manual counting procedure.  

 

Conclusion 

We have developed a semi-automatic image analysis application (CapiAna) for the assessment of 

skin capillary density, which agrees well with the classic manual counting procedure, is time-saving, 

and has a better reproducibility as compared to the classic manual counting procedure. As a result, 

the use of skin capillaroscopy is feasible in large-scale studies, which importantly extends the 

possibilities to perform microcirculation research in humans. 
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INTRODUCTION  

It is increasingly being recognized that microvascular dysfunction may be a key feature in 

the development of both obesity-related hypertension and insulin resistance.
1-3

 In fact, 

several studies have shown the relevance of microvascular effects of insulin
4,5

 and their 

role in whole body glucose uptake.
6,7

 The skin is a unique site allowing simple and 

reproducible assessment of capillary density and capillary recruitment. Specifically, the 

skin is the only site available in humans allowing direct, non-invasive visualization of 

capillaries at rest and during provocative stimuli. In addition, the cutaneous 

microcirculation is considered a representative vascular bed to examine generalized 

systemic microvascular dysfunction.
8
 Importantly, with regard to specific effects on 

insulin, several studies have demonstrated comparable metabolic
9
 and vascular effects

7,10
 

of insulin in muscle and skin. Moreover, it has been demonstrated that the (systemic) 

effects of obesity and free fatty acids on insulin-mediated microvascular recruitment in 

muscle
10,11

 can be reproduced in skin.
12,13

 These data strongly suggests that vascular 

responses observed in skin parallel those in muscle, and thus that measurement of the 

skin microvasculature is an important tool for the assessment of microvascular function.  

Skin capillaroscopy is often used to study the skin microvasculature.
4,14

 

Unfortunately, the analysis of skin capillary density from movie files is done manually, and 

thus is very time-consuming. This impedes the use of this technique in large-scale 

investigations. Hence, an automated assessment of skin capillary density would facilitate 

the use of capillary microscopy in larger studies. 

We developed a semi-automatic method for the assessment of skin capillary 

density, i.e. an image analysis application named CapiAna (Capillary Analysis). The 

purpose of this report is to describe this new technique and to present accuracy, 

reproducibility and efficiency results. 

 

METHODS 

SUBJECTS 

Twenty Caucasian subjects (ten women; mean age 56.2 [42 – 72] years) participated in 

this study. These subjects were selected from the Maastricht Study 

(http://themaastrichtstudy.com), a large-scale cohort study. To ensure that we tested the 
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agreement and reproducibility across a wide range of capillary densities, these subjects 

were selected based on their (baseline) skin capillary densities. All participants gave 

informed consent. The Maastricht Study protocol was approved by the local ethics 

committee (NL31329.068.10) and performed in accordance with the Declaration of 

Helsinki. 

SKIN CAPILLAROSCOPY 

In the present study, skin capillaries were visualized in the skin of the dorsal phalanges of 

the third and fourth finger of the right hand by use of a digital video microscope 

(Capiscope®, KK Technology, Honiton UK, http://www.kktechnology.com) with a system 

magnification of 100×. Capillaries were visualized ~4.5 mm proximal to the terminal row of 

capillaries in the middle of the nailfold, where capillaries run perpendicularly to the skin. 

In this visual field, the investigator selected a region of interest (ROI) of a square 

millimetre of skin. Subsequently, capillaries with eye-catching morphological features 

were kept on the same spot in the visual field (marked by a dot on the monitor) to ensure 

that capillary density was measured in exactly the same visual field during the entire 

experiment.
15

 Capillary density was measured under three conditions. First, we measured 

baseline capillary density, defined as the number of continuously erythrocyte-perfused 

capillaries per square millimetre of skin. Second, we used post-occlusive reactive 

hyperaemia after 4 minutes of arterial occlusion to assess functional capillary reserve 

capacity (capillary recruitment during peak reactive hyperaemia (PRH)). For the 

assessment of reactive hyperaemia, a miniature cuff (Digit cuff, Hokanson, Inc., Bellevue, 

WA, USA) was applied on the base of the investigated finger and inflated to suprasystolic 

pressure (~260 mmHg). Third, we applied venous congestion, with the cuff inflated to 60 

mmHg for 2 minutes, to expose the maximal number of capillaries. All procedures were 

performed on two separate fingers, and the mean of both measurements was used for 

analyses. Between conditions, a resting interval of 5 minutes was used. 

AUTOMATIC METHOD 

CapiAna is a software application to detect capillaries semi-automatically in a sequence of 

uncompressed monochrome images (frames) captured by the Capiscope. It comprises a 

series of image processing steps which will be described in detail below. Only minimal user 

interaction is required.  
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DATA ACQUISITION 

The Capiscope captures image data at a rate of 25 frames per second. Each frame 

measures 640 x 480 pixels with 256 grey levels per pixel. The uncompressed raw data 

were transferred to the PC for subsequent processing. 

DETERMINATION OF POSITION SHIFTS 

The first step was the determination of the position shifts caused by the movements 

(mainly due to respiration) of the finger during image acquisition. We used a technique 

based on phase shifts in the Fourier domain, which was shown to be more accurate than 

for instance cross-correlation.
16

 For this purpose, within a centrally located square of 

256 x 256 pixels, an edge enhancement filter (Prewitt) followed by a Fourier 

transformation was applied to each frame of the full frame sequence. In the Fourier 

domain, the phase shift image between each frame and the first frame was derived. The 

position of the maximum intensity corresponded to the position shift of each frame with 

respect to the first frame. Note that by this method, the position shifts were always 

derived in integer precision. The assessed sequence of position shifts for all frames was 

smoothed by a median filter, independently in the X and Y directions. This sequence was 

saved to disk for later use. If a position shift was found too large, the corresponding frame 

was marked invalid because it contained too much movement blurring. Such invalid 

frames were not taken into account in the subsequent analysis. 

FRAME RANGE SELECTION 

By looping through the frame sequence, the user can inspect the quality and select 

manually the range of contiguous frames that will be used for the detection of the 

capillaries. The time duration of this episode was generally on the order of 16 seconds, 

corresponding to 400 frames. 

ROI POSITIONING 

The second manual interaction was the positioning of a squared ROI measuring 1 x 1 mm
2
 

(248 x 248 pixels). Its size in pixels was determined previously by calibration 

measurements using a ruler (resulting in a resolution of 4.03 µ per pixel). Only within this 

ROI will the detection take place. The position shifts derived in the previous step were 
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applied to this ROI so that for each frame the same area was being analysed, as if the ROI 

was fixed to the skin of the finger. 

DETECTION OF CAPILLARIES 

The actual detection of the capillaries was data-driven and based on a combination of 

grey-level and morphological filtering, and took information of all the selected frames into 

account. There were several reasons for this approach. The images were far from being 

uniform in intensity (due to the positions of the LED lights fixed to the microscopic device), 

making techniques solely based on intensity thresholding rather useless. Furthermore, the 

fact that during baseline measurements some capillaries were not perfused continuously 

impeded the use of correlation techniques. Finally, the application of adaptive filtering 

techniques did not make sense because the shape of a capillary was not the same for all 

capillaries, both within a frame and between frames. 

Because the number of capillaries present in each frame varied during time, we 

noted that splitting the selected frame range into N intervals of 100 frames each resulted 

in a more robust detection. The intervals were contiguous without any overlap, except for 

the last one in case the number of selected frames, NF, was not a multiple of 100. For 

each interval, k, so-called seed points were derived, as follows (Fig. 2.3.2). A minimum-

intensity image was built from the frames after correction of the position shifts and high-

pass filtered to remove the non-uniform background. Next, the resulting image was 

binarized between 0 and the median intensity and then morphologically dilated. This 

result was called HPImage
k
, where superscript k refers to the k-th interval. In addition, a 

variance image was built from the frames, as follows. Each frame was corrected for the 

position shift and then a random position shift was applied to it. We used a uniformly 

random number generator (called “Random3” in Numerical Recipes in C
17

) with an 

amplitude of 3 pixels, a value which was derived empirically to produce the best results. 

For each pixel, the variance in intensity through the 100 frames was computed. This 

variance image was binarized between the 90 percentile and maximum intensity value 

and then morphologically dilated. This result was called VarImage
k
. In both binarized 

images, objects could be identified where an object was defined as a set of linked 

(neighbouring) white pixels. Finally, only the intersecting objects from both images were 

kept (called ObjImage
k
) and objects smaller than 10 pixels were removed as these were 

considered spurious. The top-left position of each object within the squared ROI was 

determined and these positions constituted the set of initial seed points, 

{ISi
k , i = 1− Lk} . Note that all positions were corrected for position shifts. It was found 

that the combination of such a minimum-intensity image and variance image improved 

the robustness of the technique. 
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Figure 2.3.2. Illustration of the procedure to derive the initial seed points (estimated positions of the capillaries). 

The selected NF frames were split into N contiguous intervals of 100 frames each. For each interval, a minimum-

intensity image and variance image was derived and processed separately, resulting into binarized images, called 

HPImage
k
 and VarImage

k
, respectively, where superscript k refers to the k-th interval. In these binarized images, 

so-called objects were present, where an object was defined as a set of linked (neighboring) white pixels. Both 

images were combined into a single image by retaining only the objects which were intersecting and by 

subsequently removing objects which were smaller than 10 pixels in size. The resulting image was called 

ObjImage
k
 and the set of initial seed points {ISi

k , i = 1− Lk }  was constituted by the top-left positions of all L
k
 

objects inside the ROI (white rectangle). Note that for each interval a different set of initial seed points was 

derived. 

 

After processing all the N intervals of 100 frames in this way we ended up with N 

sets of initial seed points. Note that the number of seed points in each interval (= L
k
) may 

differ. These sets of positions were merged and subsequently pruned, i.e., only positions 

that were different were kept. The result was a set of final seed positions, 

{Si, i =1− NL} , with NL = Lk

k

∑
 

 
 

 

 
 − Neq

 

 
 

 

 
 , where Neq is the number of removed equal 

positions (Fig. 2.3.3). A seed point derived by this procedure represented an initial guess 

of the position of a capillary in all NF frames. 
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Figure 2.3.3. The determination of the final set of seed points. The set of initial seed points {ISi
k , i = 1 − Lk }  

for each k-th interval (k = 1 – N) were combined into a single set and pruned, i.e., only positions that were 

different were kept.  

 

For each of the N intervals, a number of operations were needed to find out if a 

seed point really represented a capillary and to prevent multiple counting since seed 

points may be very near each other and thus referring to the same capillary. Of note, this 

additional processing was required only because the selected frame range was split into N 

subsequent intervals of 100 frames. First, it was checked if a seed point was located in one 

of the objects in ObjImage
k
 since a seed point derived in interval n may be different from 

a seed point derived in interval m ≠ n. If so, then for each of the 100 frames in the k-th 

interval the position with the minimum intensity for pixels within this object was derived 

and added to the initial list of positions of capillaries (Fig. 2.3.4). If the above check failed, 

an invalid position was added for each of the pertaining 100 frames. After all the N 

intervals were processed, a two-dimensional list of initial positions, IPij, existed, all having 

a correspondence with one of the seed points. In other words, each seed point Si was 

associated with a list of NF initial positions, {IPij , j =1− NF} . For each i, this list was 

smoothed by taking the average over all NF frames, excluding invalid positions. The result 

was a list of average positions, {APi , i = 1 − NL} (Fig. 2.3.5). 

Because seed points from different intervals were integrated and thus may be 

located close to each other, we had to make sure that each seed point would correspond 

to a unique final capillary. To this end, average positions which were close to each other 

were replaced by their average, resulting in the final set of NC unique capillary 

positions, {Pi , i = 1 − NC} (Fig. 2.3.5). For display purposes, this one-dimensional list 

was extended to a two-dimensional list (NC x NF) by copying these positions to each frame 

and applying the position shifts. 
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Figure 2.3.4. The promotion of a final seed point Si to an initial capillary position IPij in each of the 100 frames in 

the k-th interval. If a seed point was located in one of the objects in ObjImage
k
 then the initial capillary position 

was set to the position of the minimum intensity of pixels within this object in each frame. If a seed point was not 

within any object then invalid positions were inserted instead. After processing all N intervals, each seed point 

was associated with NF initial capillary positions. 

OUTPUT 

The final capillary positions were shown as crosses superimposed on the displayed frame 

in either white or black colour, where white indicated that a capillary was detected in all 

frames (continuously perfused) and black if this was not the case (Fig. 2.3.6). Because of 

the fact that the positions were averaged over all frames and that to each position the 

position shift was added, the crosses moved in near synchrony with the movements of the 

finger during movie display of the frame sequence. The user is offered the ability to add or 

remove positions or to change white into black capillaries or vice versa, if necessary. All 

manual editing is indicated by a different appearance of a position on the monitor. 

 

 
Figure 2.3.5. The conversion of an initial to a final capillary position. The list of NF initial positions associated with 

seed point Si was smoothed by taking the average APj.  Because seed points could be located close together, so 

could the averaged positions. Therefore, averaged positions which were near each other were replaced by their 

average, e.g., the final capillary position Pl. In all other cases the final capillary position was taken equal to the 

averaged position, e.g., Pk and Pm. Note that for readability we have considered only 5 intervals to illustrate this 

process. Dashed lines indicate invalid positions (associated seed point was outside any object in ObjImage).  
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Figure 2.3.6. Screenshot of the display window of CapiAna. The main part shows the captured contrast enhanced 

data. Superimposed are the results of the automatic detection of the capillaries. White crosses denote capillaries 

which are detected in all selected frames, i.e., continuously perfused. Black crosses indicate intermittently 

perfused capillaries. The white rectangle represents the 1 x 1 mm
2
 ROI. The dashed line shows the allowable area 

in which the ROI can be positioned such that it will never be outside the image borders due to the finger 

movements. At the bottom, a scrollbar is provided to be able to quickly navigate through the frames. At the right 

various tools and buttons are presented. For instance, the five small rectangles at the top are used for manual 

corrections. With the small scrollbar the user can change the frame rate at which the frames are displayed in 

movie mode. Also the frame range can be selected by pressing the lower “Set” button. Finally, the row of large 

buttons at the bottom enables the user to load and save data and results or to reset or start the detection. 

 

The positions and, in addition, a text file with a summary of the results can be 

saved to disk. This summary includes a list of the number of detected capillaries in each 

frame (also differentiated into white and black), and the total number of capillaries 

present in the whole frame sequence, differentiated into the different categories, such as 

white, black, manually added white or black, and manually changed from white into black. 

PRACTICAL CONSIDERATIONS 

For our research, measurements were carried out typically during three different 

conditions: 1) baseline; 2) capillary recruitment PRH; 3) capillary density during venous 

congestion. To be able to properly analyse the data, it is important to position the square-

mm ROI at the same location of the finger for each of the three corresponding 

measurements. This was done by making use of three instances of CapiAna. By minimizing 
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and moving the three display windows next to each other on the monitor, it allowed easy 

identification of similar ROIs. 

SEMI-AUTOMATIC AND MANUAL COUNTING PROCEDURE 

One single experienced investigator (D.M.J.M.) assessed capillary density of the three 

conditions (i.e. baseline capillary density, capillary recruitment PRH, and capillary density 

during venous congestion) with 1) the semi-automatic image analysis application 

(CapiAna) and 2) the classic manual counting procedure. The analysis time of both 

counting procedures was recorded. 

 For the semi-automatic counting procedure, we assessed the number of capillaries 

from a running movie file using CapiAna which involved four steps: 1) movement 

correction, 2) selection of the frame range and positioning of the ROI, 3) automatic 

detection of capillaries located in this ROI and frame range, and 4) manual correction of 

detected capillaries. 

 For the manual counting procedure, we manually counted the number of capillaries, 

which has been described in detailed elsewhere.
14,15

 Briefly, capillaries were counted using 

the naked eye from a freeze-framed reproduction of the movie-file and from the running 

movie-file, when it was uncertain whether a capillary was present or not. 

The investigator determined capillary density for the two methods at exactly the same 

frame range and ROI after a minimum of two weeks. The number of capillaries at baseline, 

directly after release of the cuff, and during venous congestion was counted for 16 

seconds (i.e., 400 frames). The mean of both measurements at the two fingers was used 

for analyses. 

STATISTICAL ANALYSIS 

METHOD COMPARISON AND AGREEMENT 

We used the Paired-samples t-test to study the differences in capillary density between 

the semi-automatic image analysis application (CapiAna) and the manual counting 

procedure. To investigate agreement between the methods, capillary densities as 

determined by CapiAna and the manual counting procedure were compared by use of 

Pearson’s correlation and weighted Deming regression. By the latter analysis, the 

regression coefficient and intercept between the methods were assessed (i.e., 

proportional bias and constant bias, respectively). When two methods produce equivalent 

results the regression coefficient will be one and the intercept will be zero, resulting in the 
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equation y = x.
18

 This statistical technique for method comparison is superior to simple 

linear regression by taking into account the error in both the dependent and independent 

variables.
18,19

 A Bland-Altman plot was used to investigate levels of agreement between 

the methods. We assessed the mean difference (bias) and 95%CI (limits of agreement).
20

  

REPRODUCIBILITY 

To establish reproducibility, we calculated the intra- and inter-observer coefficients of 

variation (CV), defined as the SD divided by the mean of the differences, multiplied by 100. 

For the intra-observer CV, grader 1 (D.M.J.M.) counted the number of capillaries for the 

three conditions with CapiAna and repeated this semi-automatic counting procedure after 

a minimum of two weeks. For the inter-observer CV, a second experienced investigator 

(Ü.K., grader 2) counted the number of capillaries for the three conditions with CapiAna in 

exactly the same ROI and frame range as grader 1.  

All analyses were performed with the use of the Statistical Package for Social 

Sciences (IBM, version 20.0, Chicago, Illinois, USA), except weighted Deming regression, 

which was analysed using the Analyse-It software (Analyse-it Software Ltd, Leeds, UK) for 

Microsoft Excel (Microsoft Corporation, Washington, USA). A P value less than 0.05 was 

considered statistically significant.  

 

RESULTS 

Table 2.3.1 shows the capillary densities as measured with CapiAna and the manual 

counting procedure. The capillary density during baseline, capillary recruitment PRH, and 

capillary density during venous congestion did not significantly differ between CapiAna 

and the manual counting procedure, although baseline capillary density derived with 

CapiAna was borderline significantly (P = 0.06) higher as compared to the manual counting 

procedure.  
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Table 2.3.1. Capillary densities as determined by the semi-automatic image analysis application (CapiAna) and 

the manual procedure  

  
 Capillary  

density  

CapiAna  

 Capillary  

density manual  

counting 

procedure 

 Difference  

between  

methods  

P-value 

Baseline (n/mm
2
)  

Capillary recruitment PRH (n/mm
2
) 

Capillary density during venous congestion 

(n/mm
2
) 

67.5 ± 25.7 

87.4 ± 21.9 

95.2 ± 24.4 

 

63.0 ± 22.6 

86.6 ± 22.9 

93.3 ± 23.8 

 

4.5 (-9.3; 0.3) 

0.9 (-4.3; 2.6) 

1.9 (-4.8; 1.0) 

 

0.06 

0.61 

0.19 

 

Data are means ± SD or means (lower and upper limit). n/mm
2
, number of capillaries per square millimetre of 

finger skin. PRH, peak reactive hyperaemia 

  

 We found a Pearson’s correlation coefficient (r) of 0.95 (P < 0.001). The Deming 

regression coefficient was 1.01 (95%CI: 0.91; 1.10; P = 0.86) with an intercept of 1.75 (-

6.04; 9.54; P = 0.65) (Fig. 2.3.7). In addition, the Bland-Altman analysis showed a mean 

difference (bias) of 2.0 (-13.5; 18.4) capillaries/mm
2
 (Fig. 2.3.8). The results indicate that 

CapiAna and the classic manual method are in good agreement (i.e., the equation y = 

1.01x + 1.75 was not significantly different from the equation y = x (Fig. 2.3.7) with no 

significant differences between the methods (Fig. 2.3.8). 

 

 
Figure 2.3.7. Comparison of capillary densities between CapiAna (semi-automatic counting procedure) and the 

manual counting procedure by weighted Deming regression. Regression coefficient 1.01 (0.91; 1.10); intercept 

1.75 (-6.04; 9.54). 
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Figure 2.3.8. Bland-Altman plot of the differences between CapiAna (semi-automatic counting procedure) and 

the manual counting procedure. ● baseline, ▲ capillary recruitment PRH, x capillary density during venous 

congestion. 

 

The reproducibility of CapiAna is presented in Table 2.3.2. The semi-automatically 

derived capillary density for the three conditions was highly reproducible by the same 

rater with a CV of 2.5% (ranging from 1.7 to 3.5%). The inter-observer CV for the three 

conditions was 5.6% (ranging from 4.9 to 6.6%). In addition, intra- and inter-observer CVs 

for the manual counting procedure for the three conditions were 3.2% (ranging from 1.8 

to 4.5%) and 7.2% (ranging from 6.8 to 8.0%) respectively as reported elsewhere.
21

 

 

Table 2.3.2. Reproducibility of the semi-automatic image analysis application (CapiAna) 

 

Intra-observer  

variability  

Inter-observer  

variability 

 

Coefficient  

of Variation (%)  

Coefficient  

of Variation (%) 

Baseline  

Capillary recruitment PRH  

Capillary density during venous congestion 

Overall 

3.5 

1.7 

2.2 

2.5  

6.6 

5.4 

4.9 

5.6 

PRH, peak reactive hyperaemia 
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 The complete analysis time for CapiAna (i.e., assessment of capillary density of the 

three conditions for two fingers) ranged from 25 to 35 minutes, while for the manual 

counting procedure this ranged from 80 to 95 minutes. 

 

DISCUSSION 

We have developed a semi-automatic image analysis application (CapiAna) for the 

assessment of skin capillary density, which 1) is in agreement with the manual counting 

procedure; 2) has a better reproducibility as compared to the manual counting procedure 

and 3) is intrinsically faster as compared to the manual counting procedure, with time 

savings of approximately 60 minutes per subject. As a result, skin capillaroscopy can be 

more easily applied in large-scale studies. 

 The automatic detection steps of CapiAna may potentially introduce systematic 

errors. Firstly, once a seed point is located in one of the objects then this is promoted to a 

capillary in all the corresponding 100 frames, irrespective of the presence or absence of a 

capillary. This may generate false-positive detections. Indeed, the capillary density derived 

with CapiAna was slightly higher as compared to the capillary density derived with the 

manual counting procedure. Nevertheless, we found no significant differences between 

these methods. Work is in progress to make detection on a frame-to-frame basis feasible. 

Secondly, optimal exposure is a prerequisite for a successful detection of the capillaries. 

Consequently, poor quality images (i.e., images with low contrast) need a higher extent of 

manual corrections. However, non-uniform intensity has only limited impact, ensured by 

the use of a high-pass filter. Thirdly, out-of-focus effects occurring at the borders of the 

visual field may impair the automatic detection. Generally, the ROI was positioned in the 

centre of the image, minimizing these effects. However, if the ROI could not be positioned 

optimally, out-of-focus capillaries could be included. This may generate false-negative 

detections. Yet, the detection turned out to be robust against these effects and only 

severe out-of-focus capillaries failed to be detected. Considering the limitations of these 

automatic detection steps, we concluded that manual correction of the detected 

capillaries is required.  

 The manual steps (i.e., selection of the frame range and positioning of the ROI and 

manual correction of detected capillaries) in CapiAna may introduce random errors and 

may therefore yield the largest contribution to the intra- and inter-observer variabilities. 

Nevertheless, CapiAna is a highly reproducible method. More precisely, CapiAna has a 

better reproducibility than the manual counting procedure; intra-observer CVs were 2.5% 

as compared to 3.2% and inter-observer CVs were 5.6% as compared to 7.2%.
21

 In 

addition, intra- and inter-observer CVs of CapiAna are better as compared to the CVs 



54 Chapter 2.3 

 

described in literature (4.5% and 10.1% respectively
14

). Thus, these data suggest that 

random errors in CapiAna are smaller than in the manual counting procedure. 

 CapiAna turned out to be an accurate method as compared to the manual counting 

procedure, i.e. there were no significant structural differences between the two methods. 

However, we only included twenty subjects for this study; therefore, a lack of power 

should be taken into consideration when interpreting these results. Nevertheless, the 

95%CI of the mean difference – as demonstrated with the Bland-Altman analysis – has an 

acceptable range of approximately ± 20%. In addition, we found no evidence for 

systematic errors between CapiAna and the manual counting procedure over the wide 

range of capillary densities studied. These observations strengthen the conclusion that 

CapiAna is in good agreement with the manual counting procedure. Hence, CapiAna can 

be used for a wide range of capillary densities and thus for the investigation of the skin 

microcirculation in health and disease. 

 CapiAna facilitates the use of skin capillaroscopy in microvascular research, since the 

method is shown to be equivalent to and interchangeable with the manual counting 

procedure with an intrinsically large reduction in analysis time. Microvascular dysfunction 

may constitute one of the links between insulin resistance and hypertension in the 

metabolic syndrome.
1-3

 The skin is the only site available in humans allowing direct non-

invasive visualization of capillaries at rest and during provocative stimuli. In addition, the 

cutaneous microcirculation is considered a representative vascular bed to examine the 

mechanism of generalized systemic microvascular dysfunction.
8
 Therefore, it is important 

to facilitate the use of skin capillaroscopy and with CapiAna this has become feasible.  

 In conclusion, we have developed a semi-automatic image analysis application, 

named CapiAna, for the assessment of skin capillary density, which is in agreement with 

the manual counting procedure, has a better reproducibility as compared to the classic 

manual counting procedure and is time-saving. As a result, skin capillaroscopy can be used 

in large-scale studies, which facilitates investigation of the microcirculation in health and 

disease. 
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ABSTRACT 

Background 

Recent data support the hypothesis that microvascular dysfunction may be a potential mechanism in 

the development of insulin resistance. We examined the association of microvascular dysfunction 

with incident type 2 diabetes mellitus (T2DM) and impaired glucose metabolism by reviewing the 

literature and conducting a meta-analysis of longitudinal studies on this topic. 

 

Methods  

We searched MEDLINE and EMBASE for articles published up to October 2011. Prospective cohort 

studies that focused on microvascular measurements in participants free of T2DM at baseline were 

included. Pooled relative risks (RR) were calculated using random effects models. 

 

Results 

Thirteen studies met the inclusion criteria for this meta-analysis. These studies focused on T2DM 

and/or impaired fasting glucose (IFG), not on impaired glucose tolerance. The pooled RR for incident 

T2DM (3846 cases) was 1.25 [95%CI: 1.15; 1.36] per 1SD greater microvascular dysfunction when all 

estimates of microvascular dysfunction were combined. In analyses of single estimates of 

microvascular dysfunction, the pooled RR for incident T2DM was 1.49 [1.36; 1.64] per 1SD higher 

plasma sE-selectin levels; 1.21 [1.11; 1.31] per 1SD higher plasma sICAM-1 levels; 1.48 [1.03; 2.12] 

per 1SD lower response to acetylcholine-mediated peripheral vascular reactivity; 1.18 [1.08; 1.29] 

per 1SD lower retinal arteriole-to-venule ratio; and 1.43 [1.33; 1.54] per 1 logarithmically 

transformed unit higher albumin-to-creatinine ratio. In addition, the pooled RR for incident IFG (409 

cases) was 1.15 [1.01; 1.31] per 1SD greater retinal venular diameters.  

 

Conclusion 

These data indicate that various estimates of microvascular dysfunction were associated with 

incident T2DM and, possibly, IFG, suggesting a role for the microcirculation in the pathogenesis of 

T2DM. 
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INTRODUCTION  

Insulin resistance and beta cell dysfunction are key features of the pathophysiology of 

type 2 diabetes mellitus (T2DM), the prevalence of which is rapidly increasing. Central 

obesity and low physical activity, in turn, are main underlying causes of insulin resistance. 

We
1
 and others

2
 have recently advanced the hypothesis that microvascular dysfunction, 

by impairing the timely access of glucose and insulin to their target tissues, is an additional 

cause of insulin resistance. In addition, microvascular dysfunction may function as an 

intermediate step linking central obesity, low physical activity, and chronic, low-grade 

inflammation to insulin resistance (Fig. 1.2).
3
  

 There is substantial evidence in support of this hypothesis. For example, it has been 

demonstrated that insulin can redirect blood flow in skeletal muscle from non-nutritive 

capillaries to nutritive capillaries and thereby increase insulin-mediated glucose uptake 

without increasing total blood flow.
4
 This process, so-called capillary recruitment, is 

impaired in insulin-resistant individuals.
5,6

 In addition, experimental studies have 

demonstrated impairments in glucose disposal after blocking insulin-mediated capillary 

recruitment
7
, suggesting that microvascular dysfunction directly affects insulin-mediated 

glucose disposal. It is not clear, however, whether there is consistent prospective evidence 

to support this hypothesis, although, since the early 2000s, a growing number of 

prospective studies have investigated the association between various estimates of 

microvascular dysfunction and incident T2DM and impaired fasting glucose (IFG).  

 In view of these considerations, we conducted a systematic review and meta-analysis 

of these prospective studies to investigate whether microvascular dysfunction is 

associated with incident T2DM and IFG in population-based settings 

 

METHODS 

SEARCH STRATEGY 

We conducted a search in MEDLINE and EMBASE for studies published from inception 

(1977) to October 2011. We considered four types of estimates of microvascular function. 

First, we included plasma markers of endothelial dysfunction, defined as markers that are 

synthesized to an important extent by the endothelium (regardless of whether they are 

also synthesized by other cell types), including soluble E-selectin (sE-selectin), soluble 
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intercellular adhesion molecule-1 (sICAM-1), soluble vascular cell adhesion molecule-1 

(sVCAM-1), and von Willebrand factor (vWF).
8
 Higher concentrations of these markers are 

associated with cardiovascular disease
9
 and are thought to be derived mainly from 

microcirculatory endothelium
10

, which makes it plausible that higher concentrations of 

these markers reflect greater microvascular endothelial dysfunction. Second, we included 

assessment of skin and muscle microcirculation (by capillaroscopy and laser-Doppler 

fluxmetry, and plethysmography, respectively), with lower responses reflecting 

microcirculatory dysfunction. Third, we included retinal diameters, as evaluated by retinal 

photography. We defined greater venular diameters and both lower arteriolar diameters 

and lower arteriole-to-venule ratios (AVRs) as markers of microvascular dysfunction, as 

greater retinal venular diameters are associated with atherosclerosis, inflammation, and 

cholesterol levels, and both lower AVRs and generalized arteriolar narrowing are 

associated with incident cardiovascular disease.
11

 Finally, we included microalbuminuria, 

which is thought to reflect a generalized increase in endothelial permeability.
8
 Therefore, 

higher values of urinary albumin excretion (UAE; expressed as albumin-to-creatinine ratio 

(ACR) or as urinary albumin excretion per time) is thought to reflect greater microvascular 

endothelial dysfunction. 

 To identify the studies of interest, we used the following terms: plasma markers of 

endothelial dysfunction (sE-selectin, sICAM-1, sVCAM-1, vWF); peripheral vascular 

reactivity (forearm blood flow, plethysmography, acetylcholine, sodium nitroprusside, L-

NMMA); skin microvascular endothelium-dependent or -independent reactivity 

(iontophoresis, intracutaneous injection, acetylcholine, sodium nitroprusside, L-NMMA); 

capillary density (capillary density, capillary recruitment, capillaroscopy, capillaries); retinal 

diameters (retinal vessels, arteriovenous ratio, AVR, venular diameter, arteriolar diameter, 

retinal arteriolar diameter); microalbuminuria (microalbuminuria, macroalbuminuria, 

albuminuria, ACR, UAE). These search strategies were combined with the terms (risk of) 

diabetes, glucose tolerance, cohort, follow-up, longitudinal. The search was limited to 

studies within humans and to studies written in English. Finally, we examined the 

reference lists of the selected papers to find other relevant articles.  

SELECTION CRITERIA AND DATA EXTRACTION 

Three authors (D.M.J.M., A.J.H.M.H., and M.T.S.) independently selected articles. 

Prospective cohort studies that measured microvascular function in participants free of 

T2DM at baseline were included. First, titles and abstracts of the retrieved studies were 

scanned and excluded if they were clearly irrelevant. After the title and abstract selection, 

the full text of the included articles was read to identify whether the studies met the pre-

specified inclusion criteria. After the selection procedure, the following data were 
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extracted: characteristics of the study population, number of participants without T2DM 

at baseline, incident cases of T2DM or IFG, mean follow-up, definition of T2DM or IFG, the 

crude and adjusted odds ratios (OR), relative risks (RR) or hazard ratios (HR) with 95% 

confidence intervals (95%CI), confounding variables included in the analyses and the 

incidence and cumulative incidence of T2DM and IFG. When these data were missing, the 

principal investigator of the selected study was contacted for further information. If the 

investigator could not provide the requested information or did not respond, the available 

data were used. 

STATISTICAL ANALYSIS 

INCIDENCES AND CUMULATIVE INCIDENCES 

When incidence data were not presented in the original article, cases per 1000 person-

years and cumulative incidences were calculated. We used the following formulas: cases 

per 1000 person-years = [(T2DM or IFG cases/person-years)*1000], person-years = 

[participants*follow-up time], and cumulative incidence = [(T2DM or IFG 

cases/controls)*100%]. If the person-years were not specified in the article, T2DM or IFG 

cases were set at half of the duration of the follow-up.   

STATISTICAL ANALYSIS FOR THE META-ANALYSIS 

The meta-analysis was performed by use of RevMan5
12

, using the generic inverse variance 

method with a random effects model. One standard deviation (1SD) difference of the 

independent variable in the fully adjusted models was used to estimate the pooled RRs 

and 95%CI. The pooled effect sizes were estimated by calculating the logarithm of the RR 

and the standard error. In this analysis, larger studies with smaller standard errors have a 

greater weight than smaller studies with larger standard errors. A forest plot was made to 

show the pooled RRs and 95%CIs. We assumed that the populations in the different 

studies share the same underlying distribution of the microvascular markers. Therefore 

different SDs of the microvascular markers are likely to be the result of measurements 

errors, and risk per 1SD can be compared without conversion.
13

 Heterogeneity was 

assessed visually by forest plots, by means of Cochran’s Q test, of which the null 

hypothesis assumes homogeneity
14

, and by I
2
 statistics, which indicates the percentage of 

variability across trials that is explained by heterogeneity rather than chance.
15

 

Because of the highly skewed distribution, the continuous variables ACR and UAE 

were logarithmically transformed, and results on the association of microalbuminuria with 
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incident T2DM are expressed per logarithmically transformed unit higher ACR or UAE. All 

logarithmic transformations were to the base e. 

 

RESULTS 

STUDY SELECTION AND CHARACTERISTICS 

The literature search resulted in 2,722 articles (Fig. 3.1). After title, abstract and full text 

selection, twenty three articles were found that investigated the association of plasma 

markers of endothelial dysfunction (n = 11), peripheral vascular reactivity (n = 1), retinal 

diameters (n = 5), and microalbuminuria (n = 6), respectively, with incident T2DM and/or 

IFG. These studies focused on T2DM and/or IFG, not on IGT. We did not find any articles 

that prospectively investigated the association of skin microvascular endothelium-

dependent or -independent reactivity and capillary density or recruitment with IGM or 

T2DM.  

 Table 3.1 shows the characteristics of the selected studies. All articles were published 

in English after 1994. We found 15 prospective population-based cohort studies
16-30

, three 

prospective nested case-control studies
31-33

 and five prospective case-cohort studies
34-38

. 

The studies examined mainly Caucasian participants from Europe, USA, and Australia. As 

expected, subjects who developed T2DM during follow-up were slightly older and had a 

higher body mass index (BMI) at baseline. In addition 10.2 – 70.2% of the subjects had 

hypertension at baseline and 9.3 – 72.6% of the subjects were current smokers.  The 

follow-up time of the studies ranged from 2.6 to 12 years. The included studies used 

different measures to diagnose T2DM and IFG, mainly based on the ADA (1997 and 2003) 

and WHO (1985 and 2006) criteria. Most studies compared incident T2DM to a combined 

sample of non-T2DM and incident IFG. Two studies
20,21

 compared incident T2DM and IFG 

to non-T2DM.  

Plasma samples of sE-selectin, sVCAM-1, sICAM-1 and vWF were analyzed by use 

of ELISAs. Peripheral vascular reactivity was assessed by a dose-response curve to intra-

arterial infusion of acetylcholine (7.5, 15 and 30 μg*mL
-1

*min
-1

).
25

 Retinal diameters were 

evaluated offline by the use of fundus photos (Retinal Analysis; Optimate, Madison, WI). 

ACR or UAE were calculated to determine microalbuminuria. Five studies assessed 

microalbuminuria in a morning fasting spot urine sample
18,19,23,27,33

, while one study 

assessed microalbuminuria by use of two 24-h urine collections.
16
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2,722 articles identified using               

PubMed and EMBASE

2,547 articles excluded 

after title scan

61 abstracts excluded

Cross-sectional data (n = 36)

Review (n = 8)

Diabetes and risk of renal dysfunction (n = 5)

Microvascular dysfunction and risk of  

hypertension (n = 4)

Group (sex, age, ethnicity) comparison for 

microvascular dysfunction (n = 3)

Diabetes and risk of dementia (n = 2)

Dialysis patients (n = 1)

Diabetes and risk of neuropathy (n = 1)

Diabetes and risk of amputation (n = 1)

174 abstracts screened

23 articles included in review

Plasma markers of endothelial dysfunction and risk of T2DM (n = 11)

Peripheral vascular reactivity and risk of T2DM (n = 1)

Retinal diameters and risk of IFG (n = 2) and T2DM (n = 5)

Microalbuminuria and risk of T2DM (n = 6)

90 full-texts excluded

Microvascular dysfunction and  risk of 

stroke/CVD (n = 39)

Diabetes and risk of retinal abnormalities 

(n = 17)

Parental history of diabetes (n = 12)

Cross-sectional data (n= 10)

Diabetes and risk of inflammation (n = 5)

Microvascular dysfunction and risk of     

hypertension (n = 4)

Screening diabetes (n = 2) 

Preeclamptic pregnancy (n = 1)

113 full-texts screened

13 articles included in meta-analysis

Plasma markers of endothelial dysfunction and risk of T2DM (n = 4)

Peripheral vascular reactivity and risk of T2DM (n = 1)

Retinal diameters and risk of IFG (n = 2) and T2DM (n = 5)

Microalbuminuria and risk of T2DM (n = 3)  
Figure 3.1. Literature selection 

MICROVASCULAR DYSFUNCTION AND RISK OF T2DM 

Eleven studies
17,22,26,28,31,32,34-38

 investigated the association of microvascular dysfunction as 

measured by plasma markers of endothelial dysfunction and incident T2DM. Table 3.2 

shows a higher incidence of T2DM at higher levels of sE-selectin, sICAM-1 and vWF at 

baseline. Only the Western New York Study
37

 showed a lower incidence of T2DM at a 

higher level of sICAM-1 at baseline. Table 3.3 illustrates the associations of plasma 

markers of endothelial dysfunction with incident T2DM, comparing the upper to the lower 

tertile/quartile. Plasma markers of sE-selectin, sICAM-1, sVCAM-1, and vWF were 

positively and significantly associated with incident T2DM. After adjustment for 

confounders, including age, sex, race, and body composition, sE-selectin and sICAM-1 

remained associated with incident T2DM, with RRs ranging from 1.34 [0.91; 1.99] to 4.61 

[2.85; 7.46] and from 1.03 [0.64; 1.67] to 1.84 [1.26; 2.69] respectively.  



 

 

 

 Table 3.1. Characteristics of selected studies  

Study Etnicity  

Age study  

population  

(years) 

BMI  

(kg/m2) 

Hypertension  

(%) 

Current  

smokers  

(%) 

Number of  

participants  

without  

diabetes at  

baseline 

Incident 

cases of 

diabetes/ 

IFG 

Mean 

follow-up 

(years) 

Definitions of IFG or diabetes 

Developed T2DM 

Yes No Yes No Yes No Yes No 

Plasma markers of endothelial dysfunction 

The ARIC Study* 
17

 Caucasians (78%)  
and African- 

Americans (22%) 

54 26.4 30 25 12330 1335 7 ADA guidelines  
Use of antidiabetic medication 

Physicians diagnosis 
The Framingham  
   offspring study* 

22
 

Primarily  
Caucasians 

54 25.3 38.6 18.5 2924 153 7 ADA guidelines  
Use of antidiabetic medication 

The British regional    
   heart study* 

28
 

Caucasians  68 69 29.7 26.6 NA 9.3 13.3 3562 162 7 WHO guidelines  
Physicians diagnosis 

The prospective  
   study of pravastatin  
   in the elderly at risk* 

26
 

Caucasians 75 75 26.5 28.8 70.2 61.9      22.3 29.0  4945 292 3.2 ADA guidelines  
Self-reported history 

The ARIC Study
† 35

 Caucasians  
and African- 

Americans 

54 53 30.5 26.8 40.5 23.6      19.8 21.9  1153 581 9 ADA guidelines  
Use of antidiabetic medication 

Physicians diagnosis 
The women's health  
   initiative observational  

   study
‡ 32

 

Caucasians, 
Blacks,  

Hispanics and  
Asian/Pacific  
Islanders 

64 64 33 26 NA NA 3782 1584 5.9
§
 Use of antidiabetic medication  

Self-reported history 

The nurses' health  
   study

‡ 31
 

Primarily  
Caucasian 

56 56 30.2 26.2 NA 14.0 13.4     1522 737 10 ADA guidelines  
Use of antidiabetic medication 

The MONICA and  
   KORA study

† 38
 

Caucasians 56 52 29.7 27.1 65.8 43.9     35.1 29.4     2244 532 12 Physicians diagnosis  
Self-reported history 

The Western New  

   York study
† 37

 

Primarily  

Caucasians 

58 60 32.2 29.5 55.9 35.1 19.7 10.8 219 61 5.9 ADA guidelines  

Longitudinal health  
   study in Pima  

   Indians
† 36

 

Pima Indians 33 32 36.3 36.3 NA NA 142 71 4.6
║   

6.8
¶
 WHO guidelines 

Continued 
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Table 3.1. Continued 

Study Etnicity  

Age study  

population  

(years) 

BMI  

(kg/m2) 

Hypertension  

(%) 

Current  

smokers  

(%) 

Number of  

participants  

without  

diabetes at  

baseline 

Incident 

cases of 

diabetes/ 

IFG 

Mean 

follow-up 

(years) 

Definitions of IFG or diabetes 

Developed T2DM 

Yes No Yes No Yes No Yes No 

The MONICA and  
KORA Study

† 34
 

Caucasians 57 52 30.3 26.7 69.5 39.5      23.9 23.3     1846 436 10.5 Physicians diagnosis  
Self-reported history 

Peripheral vascular reactivity          
Perticone, 2008* 

25
 Caucasians

#
 50 48 27.6 27.5 100 100 14 19 400 44 4.5 ADA guidelines  

Use of antidiabetic medication 

Retinal diameters 

The Rotterdam  

   study* 
20

 

Caucasians 65 26.2 NA 21.8 2309 118/305 6.4 ADA guidelines  

Use of antidiabetic medication 
The blue mountains  
   eye study* 

21
 

Caucasians NA NA NA NA 2123 165/104 10 ADA guidelines  
Physicians diagnosis 

The AusDiab study* 
24

 Caucasians 58 56 30.2 27.5 55.7 44.2 12.4 8.8 803 108 4.98 WHO guidelines  
Use of antidiabetic medication 

The ARIC Study* 
29

 Caucasians 

(82.9%)  
and African- 

Americans 
(17.1%) 

59 27.9 NA 16.6 7993 291 3.5
§
 ADA guidelines  

Use of antidiabetic medication 
Physicians diagnosis 

The beaver dam 

eye study* 
30

 

Caucasians 50 28.7 NA NA 3251 249 10 Postload plasma glucose  

   > 11.1 mmol/L  
Use of antidiabetic medication  

   or diet therapy  
Physicians diagnosis 

 Continued
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 Table 3.1. Continued 

Study Etnicity  

Age study  

population  

(years) 

BMI  

(kg/m2) 

Hypertension  

(%) 

Current  

smokers  

(%) 

Number of  

participants  

without  

diabetes at  

baseline 

Incident 

cases of 

diabetes/ 

IFG 

Mean 

follow-up 

(years) 

Definitions of IFG or diabetes 

Developed T2DM 

Yes No Yes No Yes No Yes No 

Microalbuminuria                           

The strong heart  
   study* 

27
 

American 
Indians** 

56 31.5 30.1 32.6 34.2 30.4 38.5 1079 391 7.8
§
 ADA guidelines  

The DESIR study* 
19

 Caucasians 47 24.0 25.3 29.4 42.0 13.3 26.3 3842 171 9 ADA guidelines  

Use of antidiabetic medication 
Wang, 2006

‡ 33
 Aboriginals 36 36 26.7 26.2 NA 72.6 66.7 234 117 11 WHO guidelines 

The PREVEND 

   study* 
16

 

Caucasians 57 49 29.6 25.8 25.4 10.2 NA 5654 185 4.2 ADA guidelines  

Use of antidiabetic medication 
Diabetes prevention   

   program* 
18

 

All races** 50 33 NA 7.9 3188 674 3.2
§
 ADA guidelines  

WHO guidelines 
Mykkanen, 1994* 

23
 Caucasians 69 27.4 49.7 10.0 891 92 3.5 WHO guidelines

††
  

Physicians diagnosis
††

 
*
 Population-based cohort study 

†
 Case-cohort study 

‡
 Nested-case cohort study 

§
 Follow-up described in median 
║
Mean follow-up for control subjects 

¶
 Mean follow-up for case subjects 

#
 Hypertension at baseline 

** Prediabetes at baseline 
††

 Definition of Non-Insulin-Dependent Diabetes Mellitus (NIDDM) 

NA not applicable, not described in article 

ACR (Urinary Albumin to Creatinine Ratio): milligrams of albumin per gram of creatinine. ACR: 30-300 mg/day = microalbuminuria 
UAE (Urinary Albumin Excretion): milligrams albumin per litre urine. UAE: 20-200 mg/L = microalbuminuria 
ADA (American Diabetes Association) guidelines: incident IFG if fasting glucose values reach 6.1-7.0 mmol/L. Incident T2DM if fasting glucose values reach ≥ 7.0 mmol/L 
WHO (World Health Organization) guidelines: incident IFG if fasting glucose values reach 6.1-6.9 mmol/L. Incident T2DM if fasting glucose values reach ≥ 7.0 mmol/L 
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Table 3.2. Incidence and cumulative incidence of T2DM per tertile/quartile higher/lower plasma markers of endothelial dysfunction, retinal diameters, and 

microalbuminuria 

Study Risk Marker 
Range/ 

median 

Participants  

(n) 

T2DM cases 

(n) 

Person  

years 

Cases per 1000  

person years 
Cumulative incidence (%) 

Plasma markers of endothelial dysfunction 

The MONICA and KORA study 
38

 sE-selectin*♂ 36.4 368 60 4056 14.8 16.3 

   55.9 389 80 4188 19.1 20.6 
   82.0 455 170 4440 38.3 37.4 
 sE-selectin*♀ 30.0 323 42 3624 11.6 13.0 

     47.9 328 57 3594 15.9 17.4 
    71.3 381 123 3834 32.1 32.3 

  sICAM-1*♂ 539.1 389 78 4200 18.6 20.1 
    753.6 386 82 4140 19.8 21.2 
    1034.0 437 150 4344 34.5 34.4 

  sICAM-1*♀ 506.2 328 50 3636 13.8 15.2 
    690.7 341 69 3678 18.8 20.2 
    940.0 363 103 3738 27.6 28.4 

  vWF
†♂

 59.5 140 31 1494 20.7 22.1 
    110.9 155 53 1542 34.4 34.2 

    183.4 104 43 990 43.4 41.3 
  vWF

†♀
 65.6 107 20 1164 17.2 18.7 

    117.2 109 18 1200 15.0 16.5 

    181.0 116 26 1236 21.0 22.4 
The Western New  sE-selectin* 

NA 

  
 

NA 

63 10 342 29.2 15.9 
   York Study

 37
   71 18 366 49.2 25.4 

    84 32 401 79.8 38.1 
  sICAM-1* 74 22 372 59.2 29.7 

    75 20 384 52.2 26.7 
    70 18 360 50.0 25.7 
The Framingham  vWF

†
 

NA 2924 153 19664 

4.4 

NA 
   offspring study 

22
 7.4 

  8.8 
  10.2 

                                                             Continued 
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 Table 3.2. Continued 

Study Risk Marker 
Range/ 

median 

Participants 

(n) 

T2DM cases 

(n) 

Person 

years 

Cases per 1000 

person years 
Cumulative incidence (%) 

The British regional  vWF
‡
 <115 

3562 162 24934 

5.8 

NA    heart study 
28

 115-155 6.1 
  >155 8.4 
Retinal diameters 

The AusDiab study 
24

 Venular diameter
¶
 ≤196 264 38 1225 31 14.4 

  196-216 287 39 1338 29.1 13.6 

  ≥216 252 31 1183 26.2 12.3 
  Arteriolar diameter

¶
 ≤167 254 42 1165 36.1 16.5 

  167-188 301 41 1403 29.2 13.6 

  ≥188 248 25 1178 21.2 10.1 
The ARIC study 

29
 Avratio** 0.57-0.79 1998 104 6811 15.3 5.2 

    0.80-0.84 1998 79 6855 11.5 4,0 

   0.85-0.90 1999 61 6890 8.9 3.1 
  0.91-1.12 1998 47 6911 6.8 2.4 

The beaver dam  Venular diameter
¶
 166.4-227.4 802 59 7725 7.6 7.4 

   eye study 
30

 227.5-242.3 814 61 7835 7.8 7.5 
  242.4-257.6 821 60 7910 7.6 7.3 

  257.7-357.8 814 69 7795 8.9 8.5 
  Arteriolar diameter

¶
 103.2-163 808 87 7645 11.4 10.8 

  163.1-171.8 819 68 7850 8.7 8.3 
  171.9-182.9 814 55 7865 7.0 6.9 
  183-229.4 810 39 7905 4.9 4.8 

  Avratio** 0.50-0.67 801 87 7575 11.5 10.9 
  0.68-0.71 822 69 7875 8.8 8.4 
  0.72-0.75 818 54 7910 6.8 6.6 

  0.76-1.04 810 39 7905 4.9 4.8 

Continued 
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Table 3.2. Continued 

Study Risk Marker 
Range/ 

median 

Participants 

(n) 

T2DM cases 

(n) 

Person 

years 

Cases per 1000 

person years 
Cumulative incidence (%) 

Microalbuminuria 

The PREVEND study 
16

 UAE
§
 <15 4031 87 

NA NA 

2.2 

       15-30 762 33 4.3 
   >30 682 56 8.2 

Wang, 2006
 33

 Microalbuminuria Absent 85 32 407 78.6 37.6 
    Present 75 42 319 131.8 56.0 
  ACR

║
 

NA 

66 22 325 67.8 33.3 

    67 35 292 119.8 52.2 
    101 60 419 143.2 59.4 
The strong heart Microalbuminuria Absent 959 335 4670 62.4 34.9 

   study 
27

   Present 120 56 543 101.0 46.7 
*
 Marker described in ng/mL 

† 
Marker described % control 

‡
 Marker described in IU/dL 

§
 Marker described in mg/24h 
║
 Marker described in mg/mmol 

¶ 
Marker described in µm 

**
 Marker described in units 

NA not applicable, not described in article 
♂ 

Incidences in men 
♀ 

Incidences in women 
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 Table 3.3. Unadjusted and fully adjusted associations of plasma markers of endothelial dysfunction, peripheral vascular reactivity, retinal diameters, and 

microalbuminuria with T2DM and IFG  

Study Risk marker 
Crude IFG  

risk 

Crude T2DM  

risk 

Fully adjusted 

 IFG risk 

Fully adjusted T2DM  

risk 
Adjustment for confounders

e
 

Plasma markers of endothelial dysfunction      
The ARIC Study 

17
 vWF NA 1.20 (ns)

a♂
 

1.50 (p<0.001)
a♀

 
NA 0.95 (ns)

a♂
 

1.30 (ns)
a♀

 
1, 3, 4, 6, 8, 9, 10, 15,  16, 19, 21,     
   22, 26 

The Framingham 
   offspring study 

22
 

vWF NA 1.40 (1.12-1.77)
b†

 NA 1.33 (1.03-1.72)
b†

 2, 7, 9, 10, 11, 13, 14, 16, 
   19, 21, 24, 27, 28, 29, 30, 31 

The British regional  
   heart study 

28
 

vWF NA 1.39 (0.94-2.03)
b
 NA 1.01 (0.67-1.53)

b
 1, 2, 5, 7, 9, 10, 11, 16, 33, 

   34, 35, 36 
The prospective  

   study of pravastatin  
   in the elderly at risk 

26
 

sICAM-1 NA 1.60 (1.14-2.25)
c‡

 NA 1.84 (1.26-2.69)
c‡

 1, 2, 6, 13, 14, 19, 20, 21, 22,  

27 

The ARIC study
 35

 sICAM-1 NA 1.91 (1.45-2.50)
c
 NA 1.50 (1.02-2.23)

c
 1, 2, 3, 4, 7, 15, 19, 21, 22, 27 

The women's health  
   initiative observational  

   study
 32

 

sE-selectin 
NA 

5.48 (4.33-6.94)
b♀

 

NA 
2.89 (2.11-3.96)

b♀
 1, 3, 4, 6, 9, 10, 11, 16, 29, 37, 38 

sVCAM-1 2.05 (1.62-2.59)
b♀

 1.05 (0.74-1.50)
b♀

  

sICAM-1 3.32 (2.67-4.11)
b♀

 1.85 (1.35-2.52)
b♀

   
The nurses' health  sE-selectin 

NA 
7.50 (5.05-11.14)

b♀
 

NA 
4.61 (2.85-7.46)

b♀
 1, 3, 6, 9, 10, 11, 16, 22, 27, 29, 39 

   study
 31

 sVCAM-1 1.54 (1.10-2.15)
b♀

 0.64 (0.41-1.00)
b♀

  

  sICAM-1 4.29 (2.95-6.23)
b♀

 1.75 (1.05-2.92)
b♀

   
The MONICA and  

   KORA study
 38

 

sE-selectin 

NA 

3.01 (2.18-4.17)
c♂

    

3.29 (2.25-4.83)
c♀

 

NA 

2.63 (1.79-3.88)
c♂

    

1.71 (1.07-2.75)
c♀

 

1, 4, 6, 9, 10, 11, 13, 16, 19, 21, 27 

  
sICAM-1 2.16 (1.59-2.93)

c♂
    

2.24 (1.55-3.25)
c♀

 

1.32 (0.89-1.96)
c♂

    
1.03 (0.64-1.67)

c♀
  

  
vWF 1.43 (0.85-2.40)

c♂
   

1.31 (0.69-2.49)
c♀

 
0.87 (0.44-1.74)

c♂
    

1.10 (0.42-2.90)
c♀

   
The Western New  sE-selectin 

NA 
3.39 (1.47-7.83)

b
 

NA 
2.77 (1.13-6.79)

b
 1, 2, 3, 6, 10, 11, 16, 22, 40 

   York study
 37

 sICAM-1 0.88 (0.42-1.87)
b
 NA  

Longitudinal health    

   study in Pima  

sE-selectin 

NA 

1.12 (0.82-1.55)
d
 

NA 

1.34 (0.91-1.99)
d
 1, 7, 22, 23, 41, 42 

sVCAM-1 0.70 (ns)
d¶

 0.90 (ns)
d¶

  
   Indians

 36
 sICAM-1 0.70 (ns)

d¶
 0.80 (ns)

d¶
  

 vWF 0.67 (0.45-1.00)
d
 0.73 (0.46-1.16)

d
  

Continued 
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Table 3.3. Continued 

Study Risk marker 
Crude IFG  

risk 

Crude T2DM  

risk 

Fully adjusted 

 IFG risk 

Fully adjusted T2DM  

risk 
Adjustment for confounders

e
 

The MONICA and  sE-selectin 
NA 

1.80 (p<0.001)
c
*

¶
 

NA 

1.60 (p<0.001)
c
*

¶
 1, 2, 4, 6, 9, 10, 11, 13, 16, 18, 19  

   KORA study
 34

 sICAM-1 1.45 (p<0.001)
c
*

¶
 1.30 (p=0.031)

c
*

¶
  

Peripheral vascular reactivity      
Perticone, 2008 

25
 Acetylcholine- 

stimulated  
forearm blood 
flow 

NA 1.47 (1.16-1.85)
c**

 NA 1.30 (1.01-1.64)
c**

 1, 2, 6, 10, 13, 18, 22, 23, 24, 27 

Retinal diameters      
The Rotterdam  AVratio NA NA 1.93 (1.35-2.77)

a
 1.80 (1.05-3.08)

a
   

   study 
20

 Venular diameter NA NA 1.46 (1.02-2.08)
a
 1.41 (0.83-2.38)

a
 1, 2, 6, 10, 13, 14, 18, 19, 27, 38, 

  Arteriolar diameter NA NA 1.17 (0.82-1.66)
a
 1.29 (0.73-2.28)

a
    46 

The blue mountains     Venular diameter 1.28 (1.04-1.59)
a
* 1.26 (1.06-1.50)

a
* 1.16 (0.91-1.47)

a
* 1.06 (0.87-1.29)

a
* 1, 2, 6, 10, 11, 13, 16, 19, 22, 32 

   eye study 
21

 Arteriolar diameter 0.96 (0.77-1.18)
a
* 1.06 (0.89-1.26)

a
* 1.02 (0.80-1.30)

a
* 1.07 (0.88-1.30)

a
*  

The AusDiab study 
24

 Venular diameter 
NA 

1.11 (0.61-2.01)
a
 

NA 
0.82 (0.40-1.69)

a
 1, 2, 5, 6, 7, 9, 10, 13, 15, 16, 19,  

  Arteriolar diameter 2.14 (1.13-4.05)
a
 2.21 (1.02-4.80)

a
    21, 22, 23, 28, 47, 48 

The ARIC study 
29

 AVratio NA 2.76 (1.67-4.58)
a
 NA 1.92 (1.10-3.36)

a
 1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 15, 16, 

18, 19, 21, 22, 23 

The beaver dam  AVratio 
NA 

1.71 (1.17-2.51)
b
 

NA 
1.53 (1.03-2.27)

b
 1, 2, 9, 10, 11, 13, 14, 18, 19, 22,  

   eye study 
30

 Venular diameter 1.10 (0.71-1.43)
b
 1.03 (0.73-1.46)

b
    41 

  Arteriolar diameter 1.67 (1.14-2.46)
b
 1.47 (0.99-2.18)

b
     

Microalbuminuria             
The strong heart  
   study 

27
 

ACR NA NA NA 1.46 (1.08-1.98)
c§

 1, 2, 6, 7, 9, 10, 16, 43 

The DESIR study 
19

 UAE NA 2.28 (1.39-3.73)
c
 NA 2.12 (1.76-9.54)

c
 1, 6, 9, 10, 15, 16, 22, 23, 24, 26, 

27, 28, 33, 44 

Wang, 2006
 33

 ACR 
NA 

2.22 (1.11-4.48)
b
 

NA 
2.36 (1.01-5.50)

b
 1, 6, 18, 22, 27 

  Microalbuminuria  2.22 (1.15-4.29)
b§

 1.90 (0.88-4.06)
b§

  

              
The PREVEND  

   study 
16

 

UAE NA 1.59 (1.42-1.79)
b
 NA 1.53 (1.25-1.88)

b
 1, 2, 7, 13, 14, 16, 17, 19, 21, 22, 

23, 27, 31, 32 

Continued 
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 Table 3.3. Continued 

Study Risk marker 
Crude IFG  

risk 

Crude T2DM  

risk 

Fully adjusted 

 IFG risk 

Fully adjusted T2DM  

risk 
Adjustment for confounders

e
 

Diabetes prevention  
   program 

18
 

ACR NA 1.07 (1.00-1.10)
c║

 NA 0.98 (0.91-1.06)
c║

 1, 2, 3, 9, 45 

Mykkanen, 1994 
23

 ACR NA 1.76 (1.07-2.90)
b§

 NA 1.40 (0.82-2.39)
b§

 1, 2 

IFG and T2DM risk were calculated by comparison of the upper and lower tertile/quartile, unless otherwise indicated. The fully adjusted models were extracted from the   

   articles 
a  

Odds Ratio 
b  

Relative Risk 
c  

Hazard Ratio 
d
 Incidence Rate Ratio 

e  
1, age; 2, sex; 3, race; 4, study center; 5, education; 6, body mass index; 7, waist circumference; 8, waist-to-hip ratio; 9, physical activity; 10, smoking; 11, alcohol   

   consumption; 13, systolic blood pressure; 14, diastolic blood pressure; 15, hypertension; 16, family history of diabetes; 17, family histroy of cardiovascular disease; 18,   

   total cholesterol; 19, HDL cholesterol; 20, LDL cholesterol; 21, triglycerides; 22, fasting glucose; 23, fasting insulin; 24, HOMA-IR; 25, social class; 26, fibrinogen; 27, CRP;  

   28, IFG, IGT; 29, postmenopausal hormone therapy; 30, use of aspirin; 31, blood pressure therapy;  32, cholesterol lowering medication; 33, history of cardiovascular  

   disease; 34, use of statins; 35, adiponectin; 36, IL-6; 37, time of blood draw; 38, follow-up time; 39, diet score; 40, year of baseline visit; 41, HbA1c; 42, 2-h glucose levels;  

   43, albuminuria; 44, leucocytes; 45, weight loss; 46, carotid plaque score; 47, retinopathy; 48, microalbumin-to-creatinine ratio 
*
 Risk IFG and T2DM per 1SD change in risk marker 

† 
Risk T2DM per IQR higher level of vWF 

‡ 
Risk T2DM per 1 unit higher log[sICAM-1] 

§ 
(Micro)albuminuria absent versus present 
║ 

Risk diabetes with every doubling of ACR 
¶ 

No exact data, risks estimated from figure 
**

 Risk diabetes per 100% lower vasodilatory response to acetylcholine 
NA not applicable, effect on incident IFG not investigated 

ns effect not significant 
♂ 

Association in men 
♀ 

Association in women 
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One study investigated the association of peripheral vascular reactivity with 

incident T2DM.
25

 An attenuated endothelium-dependent vasoreactivity response was 

significantly associated with incident T2DM; the association remained present after 

adjustment for age, sex, BMI, smoking, systolic blood pressure (SBP), total cholesterol, 

fasting glucose, fasting insulin, HOMA-IR, and C-reactive protein (CRP) (HR, 1.30 [1.01; 

1.64]).  

Five studies assessed the relationship between retinal diameters and incident 

T2DM.
20,21,24,29,30

 Table 3.2 shows a higher incidence of T2DM with smaller baseline 

arteriolar diameters and AVR. In contrast, venular diameters were not significantly 

associated with the incidence of T2DM. Table 3.3 illustrates that lower AVRs were 

significantly associated with incident T2DM in all three studies
20,29,30

, with RRs ranging 

from 1.53 [1.03; 2.27] to 1.92 [1.10; 3.36]. No significant associations were found between 

either venular or arteriolar diameters and the development of T2DM, except in the 

AusDiab Study
24

, which showed a significant association for arteriolar diameters (OR, 2.21 

[1.02; 4.80]). All studies adjusted for age, sex, smoking, SBP and fasting plasma glucose 

levels. The studies additionally adjusted for ethnicity, study centre, BMI, waist 

circumference, physical activity, alcohol consumption, diastolic blood pressure (DBP), 

hypertension, family history of diabetes, total cholesterol, HDL cholesterol, fasting insulin 

levels, IFG/IGT, cholesterol-lowering medication, follow-up time, HbA1c, carotid plaque 

score, retinopathy, and ACR, although not all studies used the same variables in the fully 

adjusted models (Table 3.3). 

Six studies investigated the association between microalbuminuria with incident 

T2DM.
16,18,19,23,27,33

 The incidence of T2DM was higher at higher levels of UAE and ACR, or 

in presence of microalbuminuria at baseline (Table 3.2). In addition, all six studies showed 

that the presence of microalbuminuria was significantly associated with incident T2DM. 

After adjustment for potential confounders, the associations remained present in five 

studies, with RRs ranging from 1.40 [0.82; 2.39] to 2.36 [1.01; 5.50], although studies 

adjusted for different variables in the analyses (Table 3.3). 

META-ANALYSIS 

With regard to plasma markers, two studies
34,36

 presented their results in figures and, 

therefore, did not report exact relative risks. Five studies presented their data in units that 

we could not transform into SDs (either tertiles
28,35,37,38

 or quintiles
31

). The remaining four 

studies
22,26,32,36

 were included in the meta-analysis. With regard to peripheral vascular 

reactivity, only one study
25

 was available (Fig. 3.2). With regard to retinal diameters, all 

five studies
20,21,24,29,30

 were included in the meta-analysis and are presented in Figure 3.2. 
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With regard to microalbuminuria, three studies presented UAE
16

 and ACR
18,33

  as a 

continuous variable. These studies are presented in Figure 3.2.  

Figure 3.2 shows that 1SD greater microvascular dysfunction was associated with 

a 25% (15; 36%) higher incidence of T2DM. In addition, 1SD higher levels of plasma 

markers of endothelial function were associated with a 21% (5; 39%) higher incidence of 

T2DM. In analyses of single estimates of microvascular dysfunction, 1SD higher levels of 

sE-selectin and sICAM-1 were significantly associated with a 49% (36; 64%) and 21% (11; 

31%) higher incidence of T2DM, respectively. sVCAM-1 (2% (-9; 16%)) and vWF (15% (-9; 

44%)) were not significantly associated with incident T2DM. One SD lower vasodilatory 

response to acetylcholine was associated with a 48% (3; 102%) higher incidence of T2DM. 

In addition, 1SD lower AVR was associated with an 18% (8; 29%) higher incidence of 

T2DM. Greater venular diameters and 1SD lower arteriolar diameters were positively, but 

not significantly, associated with a 6% (-3; 15%) and 8% (-4; 22%) higher incidence of 

T2DM, respectively. Finally, one logarithmically transformed unit higher UAE or ACR was 

associated with a 43% (33; 54%) higher incidence of T2DM. 

 

 
Continued 

Figure 3.2. Forest plot showing the relative risk (RR) and 95%CI for each study and the pooled RR and 95%CI for 

risk of type 2 diabetes mellitus.  
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Figure 3.2. Continued. * Geometric SD. sE-selectin, soluble E-selectin; sICAM-1, soluble intercellular adhesion 

molecule-1; sVCAM-1, soluble vascular cell adhesion molecule-1; vWF, von Willebrand factor; NA, not applicable 

or not described in article. 

MICROVASCULAR DYSFUNCTION AND RISK OF IFG 

Two studies, the Rotterdam Study
20

 and the Blue Mountains Eye Study
21

, investigated the 

relationship between microvascular dysfunction as measured by retinal diameters and 

incident IFG. These studies did not specify cumulative incidences per tertile/quartile. Table 

3.3 illustrates the associations of retinal diameters with incident IFG, comparing the upper 

to the lower tertile/quartile. The Rotterdam Study
20

 showed a significant association 

between both larger venular diameters (OR, 1.46 [95%CI: 1.02; 2.08]) and smaller AVR 

(OR, 1.93 [1.35; 2.77]), and the development of IFG. The Blue Mountains Eye Study
21

 

showed a positive association between larger venular diameters (OR, 1.16 [0.91; 1.47]) 

and the development of IFG. Both studies adjusted for age, sex, body mass index, 

smoking, systolic blood pressure and HDL cholesterol. The Rotterdam Study
20

 additionally 

adjusted for diastolic blood pressure, total cholesterol, CRP, follow-up time, and carotid 
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plaque score. In contrast, the Blue Mountains Eye Study
21

 additionally adjusted for alcohol 

consumption, family history of diabetes, fasting plasma glucose levels, and cholesterol 

lowering medication.  

META-ANALYSIS 

One SD greater venular diameters were associated with a 15% (1; 31%) higher incidence of 

IFG (Fig. 3.3). Arteriolar diameter was not associated with incident IFG. The Rotterdam 

Study
20

 also showed that 1SD lower AVR was associated with a 14% (-2; 32%) higher 

incidence of IFG.  

 

 
Figure 3.3. Forest plot showing the relative risks (RR) and 95%CI for each study and the pooled RR and 95%CI for 

risk of impaired fasting glucose. 

 

DISCUSSION 

This study represents the first systematic overview regarding microvascular dysfunction as 

a risk factor for incident T2DM and IFG. This review had two main findings. First, several 

markers of microvascular dysfunction, including plasma markers, peripheral vascular 

reactivity, AVR, and microalbuminuria were associated with incident T2DM. Second, 

greater venular diameters were associated with incident IFG. These findings are consistent 

with the hypothesis that microvascular dysfunction is causally linked with T2DM.  

Our meta-analysis confirms that microvascular dysfunction was associated with a 

10 – 49% higher incidence of T2DM and an 8 – 15% higher incidence of IFG. Several 

mechanisms, not mutually exclusive, may explain the association between microvascular 
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dysfunction with both T2DM and IFG. First, one underlying mechanism is likely to involve 

the concept that insulin normally can redirect blood flow in skeletal muscle from non-

nutritive capillaries to nutritive capillaries and thereby increase insulin-mediated glucose 

uptake without increasing total blood flow
39

, and that these processes are impaired in 

states of microvascular dysfunction, such as obesity, low physical activity, and chronic, 

low-grade inflammation.
3
 Notably, specific inhibition of insulin-mediated microvascular 

effects has been shown to cause a 30 – 40% reduction in glucose disposal.
7
 Second, it has 

been suggested that (pancreatic) microvascular endothelial dysfunction causes apoptosis 

of beta cells in the pancreas.
40

 This process decreases insulin secretory capacity and thus 

may lead to hyperglycemia, which, in addition, can further impair endothelial 

(microvascular) function, thus leading to a vicious cycle that may play a crucial role in the 

development of T2DM.
40

  

Our analysis demonstrated consistent positive associations across all markers of 

microvascular endothelial dysfunction used. An important assumption in this reasoning is 

that these markers are valid indicators of microvascular endothelial dysfunction.
41

 The 

endothelium is a key regulator of permeability, vascular tone, and haemostasis. Thus, 

endothelial dysfunction can be manifested as increased microvascular permeability and 

impaired balance between vasodilatation and vasoconstriction, as well as between 

thrombotic and antithrombotic properties.
8
 Likewise, plasma markers of endothelial 

dysfunction, peripheral vascular reactivity, retinal diameters, and microalbuminuria may 

reflect different manifestations of these disturbances of the microvascular endothelium. 

First, E-selectin, ICAM-1, and VCAM-1 are thought to increase endothelial permeability to 

leucocytes, initiated by rolling and endothelial adhesion
8
, and their soluble forms are 

thought to reflect the concentration of membrane-bound adhesion molecules on the 

endothelium.
42

 In addition, vWF is thought to increase prothrombotic and procoagulant 

activity.
8
 These markers are synthesized by endothelial cells

8
, and the microvascular 

endothelium, with its large surface area and production capacity (i.e., the 

microvasculature covers 98% of the total vascular surface area
43

), is likely to be the most 

important determinant of these plasma concentrations.
8
 In addition, according to a 

previously described concept, endothelial dysfunction in large arteries is paralleled by 

endothelial dysfunction in resistance vessels that contributes to the development of 

T2DM.
44

 For these reasons, it is plausible that higher circulating concentrations of these 

markers reflect microvascular endothelial dysfunction. Second, acetylcholine is an 

endothelium-dependent vasodilator due to the release of NO and the production of 

prostaglandins and endothelium-derived hyperpolarizing factor (EDHF).
45

 Consequently, a 

lower response in the peripheral microvasculature following stimulation with 

acetylcholine suggests a defect in the release of NO, EDHF and/or prostaglandins, and thus 

impaired endothelium-dependent vasodilatation. Third, retinal venular dilation and retinal 

arteriolar narrowing have been associated with endothelial dysfunction.
46,47

 Hence, both 
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alterations may represent a directly microvascular phenotype of endothelial dysfunction.
48

 

In addition, it has been hypothesized that higher intraluminal retinal venular diameters 

reflect a disrupted endothelial surface layer and thereby increase leukocyte adhesion.
11

 

This assumption is in line with our meta-analysis, which suggests an association between 

higher venular diameters and incident IFG. However, due to the use of static fundus 

photos it is uncertain whether retinal diameters reflect structural or functional 

microvascular changes. Fourth, microalbuminuria is considered to reflect various aspects 

of endothelial dysfunction in many vascular beds.
8
 This concept is derived from data 

showing that microalbuminuria is associated with a greater transcapillary escape rate of 

albumin, i.e., with greater microvascular permeability
8
 and from data showing that 

microalbuminuria is strongly associated with risk of cardiovascular disease, that this 

association cannot be explained by conventional risk factors, and that changes in 

microalbuminuria are paralleled by changes in cardiovascular risk  (reviewed elsewhere
49

). 

Strengths of our study include its systematic approach and the evaluation of 

population-based studies. In order to identify all studies that assessed the association of 

microvascular dysfunction with both T2DM and IFG, we extensively searched MEDLINE 

and EMBASE. Given the fact that we searched for relatively large population-based 

studies, it seems unlikely that these studies will have been published and not identified by 

our search. Therefore, it is likely that we retrieved all published data. All studies included 

in this systematic review adjusted for multiple confounders, which makes it unlikely that 

residual confounding may have influenced the results, although we cannot completely 

exclude this. In contrast, overcorrection may have occurred, as microvascular dysfunction 

may link central obesity, low physical activity, and chronic, low-grade inflammation to 

insulin resistance, and be an intermediate step in the pathophysiologic process.
3
 

Adjustment for these factors could therefore result in an underestimation of the actual 

association. In fact, some studies
17,37,38

 specifically adjusted for BMI, and were able to 

quantify the exact influence of adjusting for BMI and/or waist-to-hip ratio (WHR) (Table 

3.4). Interestingly, the significant associations between sICAM-1
37,38

, vWF
17

, and sE-

selectin
37,38

 with incident T2DM decreased after adjustment for BMI and/or WHR. As 

adjustment for BMI and/or WHR may be an over adjustment, we conclude that the 

reported risks possibly underestimate the true risk for incident T2DM associated with 

microvascular dysfunction. Another important issue to address is whether the association 

is different among different subgroups (i.e., whether there is effect modification). Three 

studies included in this systematic review demonstrated significant associations between 

microvascular dysfunction with incident T2DM in the general population group as well as 

obese
31

, inflammation
32

, and hypertensive
30

 population groups. In addition, at every level 

of increasing BMI
31

, CRP
32

, and blood pressure
30

 there was a stepwise increase in the 

association of markers of microvascular dysfunction with incident T2DM. Taken together, 

these studies suggest that there are significant associations between microvascular 
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dysfunction and incident T2DM in all populations groups, with stronger associations in the 

obese, inflammation, and hypertensive groups. However, other studies included in this 

review did not investigate effect modification. Therefore, we cannot definitively conclude 

that the association is stronger in obese or hypertensive individuals, or at higher levels of 

inflammation. 

 
Table 3.4 Associations between plasma markers of endothelial dysfunction with T2DM before and after 

correction for BMI 

Study Risk Marker 
T2DM risk without 

adjustment for BMI 

T2DM risk with 

adjustment for BMI 

Plasma markers of endothelial dysfunction  

The MONICA and KORA study
 38

 sE-selectin 3.44 (2.46-4.83)
c♂

 3.01 (2.18-4.17)
c♂

 

The Western New York study
 37

  3.18 (1.32-7.64)
b†

 2.77 (1.13-6.79)
b
 

The MONICA and KORA study
 38

 sICAM-1 1.98 (1.33-2.95)
c♀*

 1.24 (0.80-1.91)
c♀

 

The ARIC study 
17

 vWF 1.40 (p<0.01)
a♀‡

 1.30 (ns)
a♀

 

T2DM risk was calculated by comparison of the upper and lower tertile/quartile.   
a  

Odds Ratio  
b  

Relative Risk  
c  

Hazard Ratio  

* Model adjusted for age and follow-up time  

† Model adjusted for age, sex, race, smoking, alcohol consumpnon, family history of diabetes, fasnng glucose,   

year of baseline visit 

‡ Model adjusted for age, sex, race, study centre, physical acnvity, smoking, family history of diabetes, fasnng 

glucose and fibrinogen 

ns not significant  
♂ 

Association in men 
♀ 

Association in women  

 

The studies included in this review had several limitations. First, because most 

studies examined mainly Caucasians (Table 3.1), the results of our meta-analysis are not 

necessarily valid for other ethnicities. For instance, the Longitudinal Health Study
36

 

examined very obese Pima Indians, who had higher sE-selectin levels as compared to 

other studies
31,32,34,37,38

, and found no significant associations between plasma markers of 

endothelial dysfunction and T2DM. The authors concluded that the substantially higher 

plasma levels might reduce the power to detect an effect of such markers.
36

 However, 

ethnic differences (e.g., different population risks) may also explain the variations in T2DM 

risk. On the other hand, the Women’s Health Initiative Observational Study
32

 showed no 

major differences between ethnic groups with respect to plasma markers of endothelial 

dysfunction. In addition, the MONICA and KORA Study
38

 demonstrated no clear 

differences between men and women (Table 3.2 and Table 3.3). Second, power problems 

could explain the lack of significant results in some studies. Mykkänen et al.
23

 examined 92 

incident T2DM cases and demonstrated a positive, but non-significant relationship 

between microalbuminuria and incident T2DM, which suggests a lack of power. In 

contrast, other studies that did demonstrate significant associations
16,19,27,33

 included 
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between 117 and 391 cases of incident T2DM (Table 3.1). Third, different methods for the 

assessment of microalbuminuria were used. The PREVEND Study
16

 assessed 

microalbuminuria by use of the mean of two 24-h urine collections (the accepted 

standard), while other studies
18,19,23,27,33

 used less precise morning urine samples. 

Although morning urine samples are a good screening test for albuminuria
50

, its lesser 

precision may have resulted in less strong associations with wider confidence intervals.  

Our meta-analysis had some additional limitations. First, the concept that high 

plasma levels of endothelial dysfunction reflect endothelial dysfunction requires that 

endothelial cells are the major source of the plasma markers and that higher plasma levels 

are caused more by increased synthesis than by decreased clearance.
8,41

 Indeed, sE-

selectin is exclusively synthesized by endothelial cells
51

, which may explain the strong 

association between sE-selectin and incident T2DM. In addition, in T2DM, higher plasma 

vWF levels are determined by synthesis rather than clearance.
52

 However, sICAM-1, 

sVCAM-1, and vWF are expressed by several other cell types.
51

 Furthermore, except for 

vWF there is no information on the clearance of these markers. Consequently, the validity 

of these assumptions remains uncertain.
8,41

 Second, we acknowledge the limited 

availability of prospective studies that could be included in analyses of single estimates of 

microvascular dysfunction. Due to this low number we could not formally test for 

heterogeneity
53

 and we could not perform meta-regression analyses. As a consequence, 

we cannot exclude statistical heterogeneity, although all CIs overlapped (Fig. 3.2 and 3.3). 

Third, microvascular function is strongly tissue-dependent.
54

 In this systematic overview, 

we searched for all available prospective population-based studies that focused on any 

marker of microvascular function. Probably because of the difficulties of microvascular 

measurements in population-based studies, we only found studies investigating the 

microcirculation in skin, eye, and kidney. On the one hand, this could limit the 

generalisability of the data, because the association of microvascular dysfunction and 

incident T2DM may be tissue-specific (e.g., be limited to skeletal muscle microcirculation). 

On the other hand, the meta-analysis in fact demonstrated that all markers of 

microvascular dysfunction (skin, eye as well as kidney) are associated with incident T2DM. 

This suggests that microvascular function in quite different tissues does have common 

properties, a notion supported by other data. For example, it has been demonstrated that 

skeletal muscle microvascular dysfunction was associated with brain microvascular 

damage among individuals with hypertension.
55

 

This systematic review underscores the importance of microvascular dysfunction 

in the pathogenesis of T2DM. However, this systematic review cannot prove any causal 

relationship. Therefore, more studies are needed to investigate this. These findings may 

contribute to more precise assessment of risk of T2DM. In addition, unravelling how 

microvascular dysfunction is determined and how it leads to T2DM may lead to new 

treatment targets as well as to a better understanding of why certain existing treatments 
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are associated with decreased risk of developing T2DM (i.e., angiotensin converting 

enzyme- (ACE-)inhibitors, angiotensin receptor blockers (ARBs), and physical activity). 

In conclusion, we demonstrated that microvascular dysfunction, assessed by use 

of different methods, was associated with incident T2DM and even IFG. Our findings are 

consistent with the hypothesis that microvascular dysfunction is causally linked with 

T2DM.  
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ABSTRACT 

Background 

T2DM is associated with organ damage in the heart and the brain which can occur even in the 

absence of clinically apparent diabetic macro- and microangiopathy. A potential explanation to 

explain such findings is that T2DM can be associated with microvascular dysfunction that is not 

detected by standard clinical examination. We therefore investigated, in an observational 

population-based cohort study, whether T2DM status and long-term hyperglycaemia are 

independently associated with functional and structural capillary density. In particular, we 

investigated whether these associations are present even before clinically apparent diabetic 

microangiopathy has developed. 

 

Methods 

Using intravital videomicroscopy, we measured skin baseline capillary density, functional capillary 

density, and structural capillary density in 641 participants (n = 223 with T2DM). In addition, we 

selected, for additional analyses, a population (n = 355; n = 90 with T2DM) free of clinically apparent 

diabetic microangiopathy. We used multiple linear regression analyses to investigate the 

associations of T2DM and HbA1c with skin capillary density values. Associations were adjusted for 

age, sex, waist circumference, total-to-HDL cholesterol ratio, triglycerides, systolic blood pressure, 

diastolic blood pressure, smoking, prior CVD, and anti-hypertensive, and lipid lowering medication. 

 

Results 

After adjustment for potential confounders, T2DM was associated with a significantly greater 

baseline capillary density (β 6.3 [95%CI: 2.3; 10.3] capillaries/mm
2
; P < 0.001) and with a significantly 

lower relative functional and structural capillary density (β -14.1 [-20.6; -7.6]%; P < 0.001 and β -13.8 

[-20.1; -6.0]%; P < 0.001, respectively). In addition, HbA1c was significantly associated with a lower 

functional capillary density (β -3.3 [-6.0; -0.1]%; P = 0.04), after adjustment for potential 

confounders. HbA1c was not associated with baseline capillary density and structural capillary 

density. Finally, additional adjustment for glomerular filtration rate, (micro-)albuminuria, and 

vibration perception threshold did not materially change these associations. In addition, analyses 

excluding T2DM patients with microangiopathy gave similar results.  

 

Conclusion 

T2DM is associated with increased baseline skin capillary density and with decreased relative 

functional and structural capillary densities. In addition, hyperglycaemia as estimated by HbA1c is 

associated with impaired functional capillary densities. Importantly, analyses excluding T2DM 

patients with microangiopathy gave similar results, suggesting that T2DM is associated with 

functional as well as structural capillary rarefaction, even in the absence of clinically apparent 

microangiopathy.  
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INTRODUCTION  

The prevalence of type 2 diabetes mellitus (T2DM) is increasing worldwide and has 

reached epidemic proportions in Western society.
1
 It is generally accepted that T2DM 

causes clinically apparent diabetic microangiopathy including retinopathy, neuropathy, 

and nephropathy.
2-4

 Changes in microvascular function and structure underlie the 

pathogenesis of diabetic microangiopathy.
5
 These changes may, in turn, be the 

consequence of hyperglycaemia, as it has been demonstrated that hyperglycaemia plays 

an important role in the pathogenesis of microvascular dysfunction
6
 and, ultimately, 

diabetic microangiopathy.
7
 In addition, T2DM is associated with organ damage in the 

heart and the brain, leading to heart failure, cognitive decline, and depression,
8-10

 which 

can occur even in the absence of clinically apparent diabetic macro- and 

microangiopathy.
11,12

 A potential explanation to explain such findings is that T2DM can be 

associated with microvascular dysfunction that is not detected by standard clinical 

examination.  

In this regard, the skin is a unique site allowing simple and reproducible 

assessment of capillary density with the use of skin capillaroscopy. Specifically, the skin is 

the only site available in humans allowing direct, non-invasive visualization of capillaries at 

rest and during provocative stimuli, such as reactive hyperaemia and venous congestion.
13

 

Capillary recruitment during reactive hyperaemia is thought to reflect  functional capillary 

density.
14

 Indeed, skin capillaries in the resting state are thought to work on a ‘rota 

system’ (i.e., some are temporarily perfused, whereas others are temporarily shut down), 

and capillaries intermittently perfused in the resting state seem to be an important 

functional reserve that can be recruited during post-occlusive reactive hyperaemia.
14,15

 On 

the other hand, capillary density during venous congestion is thought to reflect structural 

capillary density.
14

 Indeed, venous congestion increases venous back pressure, which 

allows passive trapping of red blood cells in non-perfused and intermittently perfused 

capillaries, thereby enhancing the visualization of capillaries filled with red blood cells (i.e., 

allows visualization of the maximal number of skin capillaries).
14,15

  

Unfortunately, assessment of skin capillary density is technically demanding and 

time-consuming, and is thus mostly used in relatively small-scale, experimental studies.
16

 

Data comparing skin microvascular function in people with versus without T2DM are 

therefore limited.
17,18

 Recently, we developed a semi-automatic method for the 

assessment of skin capillary density, which facilitates the use of skin capillaroscopy in 

large-scale studies.
13

  

In view of these considerations, we investigated whether T2DM status and long-

term hyperglycaemia are independently associated with functional and structural capillary 
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density in an observational population-based cohort study. In particular, we investigated 

whether these associations are present even before clinically apparent diabetic 

microangiopathy has developed. 

 

METHODS 

STUDY POPULATION 

In this study, we used data from The Maastricht Study, an observational prospective 

population-based cohort study. The rationale and methodology have been described 

previously.
19

 In brief, the study focuses on the aetiology, pathophysiology, complications 

and comorbidities of T2DM and is characterized by an extensive phenotyping approach. 

Eligible for participation were all individuals aged between 40 and 75 years and living in 

the southern part of the Netherlands. Participants were recruited through mass media 

campaigns and from the municipal registries and the regional Diabetes Patient Registry via 

mailings. Recruitment was stratified according to known T2DM status for reasons of 

efficiency. The present report includes cross-sectional data from the first 866 participants, 

who completed the baseline survey between November 2010 and March 2012. The 

examinations of each participant were performed within a time window of three months. 

The study has been approved by the institutional medical ethical committee 

(NL31329.068.10) and the Netherlands Health Council under the Dutch “Law for 

Population Studies” (Permit 131088-105234-PG). All participants gave written informed 

consent. 

SKIN CAPILLAROSCOPY 

All participants were asked to refrain from smoking and caffeine three hours before the 

measurements. A light meal (breakfast and (or) lunch), low in fat content, was allowed 

prior to the start of the measurements. Skin capillaroscopy measurements were 

performed in a quiet, temperature-controlled room (T = 24°C) with participants in supine 

position, as previously described.
13

 

Briefly, a digital videomicroscope (Capiscope, KK Technology, Honiton UK) was 

used to record capillaries in the dorsal skin of the distal phalanges of the right-hand third 

and fourth finger. Capillaries were visualised 4.5 mm proximal to the terminal row of 

capillaries in the middle of the nailfold, after which a region of interest of 1 mm
2
 skin area 
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was selected. Capillary density (mean of two fields) was measured under three conditions. 

First, we measured baseline capillary density, defined as the number of continuously 

erythrocyte-perfused capillaries per square millimetre of skin. Capillaries at baseline were 

counted for 15 seconds. Second, capillary recruitment after 4 minutes of arterial occlusion 

was measured. Directly after release of the cuff, all (continuously and intermittently) 

perfused capillaries were counted for 15 seconds. Finally, capillary density during 2 

minutes of venous congestion was examined, by counting all (continuously and 

intermittently) perfused capillaries for 15 seconds. For analysis, we used absolute 

numbers of capillaries at baseline, after arterial occlusion, and during venous congestion. 

In addition, we used percentage capillary recruitment and percentage capillary density 

during venous congestion (((capillary recruitment or capillary density during venous 

congestion – baseline capillary density) / baseline capillary density) * 100%). These 

measures are thought to reflect functional and/or structural capillary reserve capacity.
14,15

 

The number of continuously perfused capillaries within the region of interest was counted 

with a semi-automatic image analysis application (CapiAna) by two investigators (D.M.J.M. 

and Ü.K.) who were both blinded to the characteristics of the participants. As described 

elsewhere, the intra- and inter-observer variability was 2.5% and 5.6%, respectively.
13

 

GLUCOSE METABOLISM STATUS 

To determine glucose metabolism, all participants (except those who used insulin) 

underwent a standardized 2-h 75g oral glucose tolerance test (OGTT) after an overnight 

fast. For safety reasons, participants with a fasting glucose level above 11.0 mmol/L, as 

determined by a finger prick, did not undergo the OGTT. For these individuals (n=13), 

fasting glucose level and information about their use of diabetes medication were used to 

determine glucose metabolism status. Glucose metabolism was defined according to the 

WHO 2006 criteria into normal glucose metabolism (NGM) and T2DM.
20

  

COVARIATES 

Medical history, history of cardiovascular disease (CVD), medication use, and smoking 

behaviour were assessed by questionnaire.
19

 We determined weight, height, waist 

circumference, body mass index (BMI), HbA1c, glucose levels, total and high-density 

lipoprotein (HDL) cholesterol, triglycerides, office blood pressure, and ambulatory blood 

pressure  as described elsewhere.
19

 GFR was estimated using the CKD-EPI equation based 

on both serum creatinine and serum cystatin C.
21

  Serum creatinine was measured with a 

Jaffé method traceable to isotope dilution mass spectrometry (Beckman Synchron LX20, 

Beckman Coulter Inc., Brea, USA). Serum cystatin C was measured with a particle-
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enhanced immunoturbidimetric assay standardised against ERM-DA471/IFCC reference 

material (Roche Cobas 8000, F. Hoffman-La Roche Ltd, Basel, Switzerland). 

ASSESSMENT OF MICROALBUMINURIA 

To assess urinary albumin excretion, participants were requested to collect two 24-hour 

urine collections. Urinary albumin concentration was measured with a standard 

immunoturbidimetric assay by an automatic analyser (Beckman Synchron LX20, Beckman 

Coulter Inc., Brea, USA) and multiplied by collection volume to obtain the 24-hour urinary 

albumin excretion. A urinary albumin concentration below the detection limit of the assay 

(2 mg/L) was set at 1.5 mg/L before multiplying by collection volume. Only urine 

collections with a collection time between 20 and 28 hours were considered valid. If 

needed, urinary albumin excretion was extrapolated to a 24-hours’ excretion. 

Microalbuminuria was defined as a urinary albumin excretion of 30-300 mg per 24 hours 

whereas macroalbuminuria was defined as a urinary albumin excretion of > 300 mg per 24 

hours.
22

 These definitions were based on one (n = 12.2%), or, when available (n = 87.8%), 

the average of two 24-hour urine collections.   

ASSESSMENT OF SENSORY NEUROPATHY 

Vibration perception threshold (VPT) was measured as a marker of peripheral neuropathy. 

VPT was assessed using a hand-held neurothesiometer (Horwell Scientific Laboratory 

Supplies, Nottingham, UK). After a test procedure on the subject’s elbow, VPT was tested 

3 times at the distal phalanx of the hallux of the right and left foot. The minimum VPT at 

which the subject was aware of vibration sensation was recorded to the nearest 0.5 V, 

starting from 0.0 V with increasing stimulation. The mean of the three measurements for 

the least sensitive foot was used in further analyses.
23,24

 Peripheral sensory neuropathy 

(PSN) was defined as VPT ≥25 V.
24

 

STATISTICAL ANALYSIS 

All analyses were performed with the use of the Statistical Package for Social Sciences 

(IBM, version 20.0, Chicago, Illinois, USA). Comparisons of baseline characteristics 

between groups were made using Student’s t-test for continuous variables and χ² test for 

discrete variables. We used multiple linear regression analysis to investigate the 

associations of both T2DM and HbA1c with skin capillary density values. These 

associations were adjusted for age, sex, waist circumference, total-to-HDL cholesterol 
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ratio, triglycerides, systolic blood pressure (SBP), diastolic blood pressure (DBP), smoking 

(yes/no), prior CVD (yes/no), anti-hypertensive medication, lipid-modifying medication use 

(yes/no), eGFR, (micro)albuminuria (yes/no), and VPT to assess potential confounding by 

these factors. Variables with a skewed distribution were log transformed before analyses.  

 

RESULTS 

From the initial 866 participants included in this study, participants with T1DM were 

excluded (n = 4) and 469 participants with NGM and 253 with T2DM were included in the 

analyses. Of these 722 participants, capillaroscopy data were available in 686 participants; 

missing data were due to device failure (n = 36). Complete data on all other (potentially 

confounding) variables were available in 641 participants. Data were missing on prior CVD 

status (n = 30), cholesterol levels (n = 7), smoking status (n = 4), waist circumference (n = 

3), and office blood pressure (BP) measurements (n = 1). In addition, we selected, for 

additional analyses, a population (n = 355 with complete data; n = 90 with T2DM) free of 

clinically apparent diabetic microangiopathy (i.e., no nephropathy [eGFR <90 

ml/min/1.73m
2
 and/or (micro-)albuminuria] and neuropathy [PSN ≥25 V]; data on 

retinopathy were lacking due to logistical reasons).  

GENERAL CHARACTERISTICS 

General characteristics of the study population are shown in Table 4.1, stratified according 

to NGM and T2DM status. As expected, participants with T2DM had an adverse 

cardiometabolic risk profile. Table 4.1 shows that participants with T2DM had a greater 

baseline capillary density and a lower capillary recruitment, both in absolute terms as well 

as in percentages, as compared with participants with NGM. Capillary density during 

venous congestion in absolute terms was not significantly different between the two 

groups; however participants with T2DM had a lower percentage capillary density during 

venous congestion as compared with participants with NGM (Table 4.1).  

 

 



 

 

 

 

Table 4.1. General characteristics  

Characteristic 

Study population Subpopulation without microangiopathy 

NGM 

N = 418 

T2DM 

N = 223 P-value 

NGM 

N = 265 

T2DM 

N = 90 P-value 

Age (years) 

Sex (men) 

BMI categories  

    Normal weight (BMI < 25 kg/m
2
) 

   Overweight (BMI ≥ 25 – < 30 kg/m
2
)  

   Obese (BMI ≥ 30 kg/m
2
)  

Waist circumference (cm) 

   Men  

   Women  

HbA1c (%) 

Fasting plasma glucose (mmol/L) 

Total cholesterol (mmol/L) 

HDL-cholesterol (mmol/L) 

LDL-cholesterol (mmol/L) 

Total-to-HDL cholesterol ratio  

Triglycerides (mmol/L) 

Office SBP (mmHg) 

Office DBP (mmHg) 

24-h SBP (mmHg) 

24-h DBP (mmHg) 

Heart rate (bpm) (based on office measurements) 

57.0 ± 8.5 

189 (45.2) 

 

189 (45.2) 

180 (43.1) 

49 (11.7) 

 

97.2 ± 9.7 

87.2 ± 11.0 

5.6 ± 0.3 

5.2 ± 0.4 

5.5 ± 1.1 

1.4 ± 0.4 

3.6 ± 1.0 

4.1 ± 1.3 

1.0 [0.7 – 1.5] 

132 ± 18 

75 ± 10 

117 ± 11 

74 ± 7 

66 ± 9 

63.5 ± 7.2 

157 (70.4) 

 

27 (12.1) 

103 (46.2) 

93 (41.7) 

 

107.3 ± 12.1 

103.0 ± 14.8 

6.9 ± 0.9 

7.7 ± 1.7 

4.5 ± 1.1 

1.1 ± 0.4 

2.6 ± 0.9 

4.3 ± 1.2 

1.6 [1.1 – 2.3] 

147 ± 19 

79 ± 10 

124 ± 13 

74 ± 7 

71 ± 13 

<0.001 

<0.001 

 

<0.001 

<0.001 

<0.001 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

0.09 

<0.001 

<0.001 

<0.001 

<0.001 

0.74 

<0.001 

54.1 ± 8.2 

111 (41.9) 

 

132 (49.8) 

105 (39.6) 

28 (10.6) 

 

96.1 ± 9.5 

86.0 ± 11.3 

5.6 ± 0.3 

5.2 ± 0.4 

5.5 ± 1.1 

1.5 ± 0.4 

3.5 ± 1.0 

4.0 ± 1.2 

0.9 [0.7 – 1.3] 

130 ± 17 

75 ± 10 

116 ± 11 

74 ± 7 

67 ± 9 

60.1 ± 7.4 

61 (67.8) 

 

14 (15.6) 

48 (53.3) 

28 (31.1) 

 

105.5 ± 10.7 

96.9 ± 12.8 

6.9 ± 0.9 

8.0 ± 1.8 

4.5 ± 1.1 

1.2 ± 0.4 

2.6 ± 1.0 

4.0 ± 1.2 

1.5 [1.1 – 2.1] 

146 ± 18 

80 ± 10 

125 ± 12 

76 ± 6 

72 ± 13 

<0.001 

<0.001 

 

<0.001 

<0.001 

<0.001 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

0.77 

<0.001 

<0.001 

<0.001 

<0.001 

0.03 

<0.001 

Continued 
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Table 4.1. Continued 

Characteristic 

Study population Subpopulation without microangiopathy 

NGM 

N = 418 

T2DM 

N = 223 P-value 

NGM 

N = 265 

T2DM 

N = 90 P-value 

GFRMDRD (ml/min/1.73m
2
) 

Microalbuminuria  

Macroalbuminuria 

Peripheral sensory neuropathy 

Smoking  

   Never  

   Former 

   Current  

Prior CVD 

Hypertension 

Diabetes medication use 

Anti-hypertensive medication use 

Lipid-modifying medication use 
 

Baseline capillary density (n/mm
2
) 

Capillary recruitment (n/mm
2
) 

Capillary recruitment (%) 

Capillary density during venous congestion (n/mm
2
) 

Capillary density during venous congestion (%) 

92.8 ± 14.9 

12 (2.8) 

4 (1.0) 

21 (5.0) 

 

150 (35.9) 

198 (47.4) 

70 (16.7) 

48 (11.5) 

169 (40.4) 

0 (0) 

92 (22.0) 

66 (15.8) 
 

72.2 ± 17.1 

104.6 ± 16.8 

49.3 ± 29.9 

104.5 ± 17.1 

49.5 ± 32.0 

83.8 ± 19.3 

40 (17.9) 

3 (1.3) 

39 (17.5) 

 

49 (22.0) 

141 (63.2) 

33 (14.8) 

70 (31.4) 

192 (86.1) 

174 (78.0) 

158 (70.9) 

169 (75.8) 
 

77.6 ± 18.0 

102.3 ± 18.8 

35.0 ± 24.9 

102.2 ± 19.0 

35.1 ± 25.9 

<0.001 

<0.001 

0.68 

<0.001 

 

<0.001 

<0.001 

0.03 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 
 

<0.001 

0.11 

<0.001 

0.12 

<0.001 

102.6 ± 8.3 

0 (0) 

0 (0) 

0 (0) 

 

103 (38.9) 

120 (45.3) 

42 (15.8) 

18 (6.8) 

89 (33.6) 

0 (0) 

44 (16.6) 

39 (14.7) 
 

72.5 ± 17.3 

104.5 ± 17.5 

49.0 ± 29.9 

104.8 ± 17.5 

49.9 ± 32.6 

102.0 ± 9.2 

0 (0) 

0 (0) 

0 (0) 

 

23 (25.6) 

57 (63.3) 

10 (11.1) 

21 (23.3) 

73 (81.1) 

66 (73.3) 

54 (60.0) 

65 (72.2) 
 

75.8 ± 16.8 

97.8 ± 18.7 

32.1 ± 25.7 

99.0 ± 19.1 

34.1 ± 28.2 

0.59 

- 

- 

- 

 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 

<0.001 
 

0.12 

0.01 

<0.001 

0.01 

<0.001 

Data are presented as mean ± SD, median [inter-quartile ranges], or number (percentages).  
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Results were generally similar in the subpopulation without microangiopathy 

(Table 4.1), except that the difference, between the NGM and T2DM groups, in baseline 

capillary density was not statistically significant.  

 

Table 4.2. Associations of type 2 diabetes mellitus with skin capillary density values 

 β (95%CI) P-value 

Baseline  capillary density (n/mm
2
) 

   Crude 

   Model 2    

   Model 3 

Capillary recruitment (n/mm
2
) 

   Crude 

   Model 2 

   Model 3 

Capillary recruitment (%-point) 
   Crude 

   Model 2 

   Model 3  

Capillary density during venous congestion (n/mm
2
) 

   Crude 

   Model 2 

   Model 3 

Capillary density during venous congestion (%-point) 
   Crude 

   Model 2 

   Model 3 

5.4 (2.6; 8.2) 
6.3 (2.3; 10.3) 

5.8 (1.8; 9.9) 
 

-2.3 (-5.1; 0.6) 

-1.1 (-5.1; 2.9) 
-1.0 (-5.1; 3.1) 

 
-14.3 (-18.9; -9.7) 
-14.1 (-20.6; -7.6) 

-13.0 (-19.6; -6.4) 
 

-2.4 (-5.3; 0.5) 
-0.6 (-4.6; 3.5) 
-0.7 (-4.8; 3.5) 

 
-14.7 (-19.6; -9.8) 
-13.8 (-20.8; -6.9) 

-13.1 (-20.1; -6.0) 

 
<0.001 
<0.001 

0.01 
 

0.11 

0.58 
0.63 

 
<0.001 
<0.001 

<0.001 
 

0.12 
0.79 
0.76 

 
<0.001 
<0.001 

<0.001 

Coefficients were obtained with linear regression analyses and indicate the difference in skin capillary density 

between individuals without versus with type 2 diabetes. 

Crude: unadjusted model. 

Model 2: adjusted for age, sex, waist circumference, total-to-HDL cholesterol ratio, triglycerides, systolic blood 

pressure, diastolic blood pressure, smoking (never, former, current), prior cardiovascular event (yes/no), anti-

hypertensive, and lipid-modifying medication use (yes/no). 

Model 3: model 2 + additional adjustment for eGFR, (micro-)albumuria (yes/no), and VPT. 

T2DM AND SKIN CAPILLARY DENSITY VALUES 

After adjustment for potential confounders, T2DM was associated with a significantly 

greater  baseline capillary density (β 6.3 [95%CI: 2.3; 10.3] capillaries/mm
2
; P < 0.001; 

Table 4.2: model 2), but not with differences in capillary recruitment and capillary density 

during venous congestion in absolute terms, both in the crude model (β -2.3 [-5.1; 0.6] 

capillaries/mm
2
; P = 0.12 and β -2.4 [-5.3; 0.5] capillaries/mm

2
; P = 0.11, respectively; 

Table 4.2: crude), and after adjustment for potential confounders (β -1.1 [-5.1; 2.9] 

capillaries/mm
2
; P = 0.58 and β -0.6 (-4.6; 3.5) capillaries/mm

2
; P = 0.79, respectively; 

Table 4.2: model 2). However, after adjustment for potential confounders, T2DM was 

associated with a significantly lower percentage capillary recruitment and capillary density 

during venous congestion (β -14.1 [-20.6; -7.6]%; P < 0.001 and β -13.8 [-20.8; -6.9]%; P < 
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0.001; Table 4.2: model 2). Additional adjustment for eGFR, (micro-)albuminuria, and VPT 

did not materially change these associations (Table 4.2: model 3).  

HYPERGLYCAEMIA AND SKIN CAPILLARY DENSITY VALUES 

HbA1c was not associated with baseline capillary density, either in crude analysis or after 

adjustment for potential confounders (Table 4.3). However, after adjustment for potential 

confounders, HbA1c was significantly inversely associated with capillary recruitment (β -

2.3 [-4.3; -0.4] capillaries/mm
2
; P = 0.02), but not with capillary density during venous 

congestion (β -1.6 [-3.6; 0.4] capillaries/mm
2
; P = 0.12) in absolute terms (Table 4.3). 

Finally, after adjustment for potential confounders, HbA1c was significantly inversely 

associated with percentage capillary recruitment (β -3.3 [-6.5; -0.1]%; P = 0.04), but not 

with percentage capillary density during venous congestion (β -2.6 [-6.0; 0.8]%; P = 0.14; 

Table 4.3). Additional adjustment for eGFR, (micro-)albuminuria, and VPT did not 

materially change these associations (Table 4.2: model 3).  

 

Table 4.3. Associations of HbA1c with skin capillary density values 

 β (95%CI) P-value 

Baseline  capillary density (n/mm
2
) 

   Crude 

   Model 2 

   Model 3 

Capillary recruitment (n/mm
2
) 

   Crude 

   Model 2 

   Model 3 
Capillary recruitment (%-point) 

   Crude 

   Model 2 

   Model 3  

Capillary density during venous congestion (n/mm
2
) 

   Crude 

   Model 2 

   Model 3 

Capillary density during venous congestion (%-point) 

   Crude 

   Model 2 

   Model 3 

1.2 (-0.4; 2.8) 
0.1 (-1.9; 2.1) 
-0.3 (-2.5; 1.8) 

 
-2.1 (-3.7; -0.6) 
-2.3 (-4.3; -0.4) 

-2.5 (-4.6; -0.4) 
 

-5.4 (-8.0; -2.9) 
-3.3 (-6.5; -0.1) 
-3.0 (-6.0; -0.1) 

 
-1.9 (-3.5; -0.3) 
-1.6 (-3.6; 0.4) 

-1.7 (-3.8; 0.4) 
 

-5.3 (-8.0; -2.5) 
-2.6 (-6.0; 0.8) 
-1.7 (-5.5; 1.9) 

 

0.14 
0.93 
0.76 

 
0.01 
0.02 

0.02 
 

<0.001 
0.04 
0.04 

 
0.02 
0.12 

0.12 
 

<0.001 
0.14 
0.35 

Coefficients were obtained with linear regression analyses and indicate the difference in skin capillary density 

values per % higher HbA1c. 

Crude: unadjusted model. 

Model 2: adjusted for age, sex, waist circumference, total-to-HDL cholesterol ratio, triglycerides, systolic blood 

pressure, diastolic blood pressure, smoking (never, former, current), prior cardiovascular event (yes/no), anti-

hypertensive, and lipid-modifying medication use (yes/no). 

Model 3: model 2 + additional adjustment for eGFR, (micro-)albumuria (yes/no), and VPT. 



96 Chapter 4 

 

ADDITIONAL ANALYSES 

Firstly, analyses excluding participants with microangiopathy gave similar results with 

regard to the associations of T2DM and HbA1c with skin capillary density values (data not 

shown), except that the association of T2DM with  absolute numbers of capillaries at 

baseline was attenuated  (β 4.7 [-1.1; 10.5] capillaries/mm
2
; P = 0.11). Secondly, analyses 

excluding participants with an eGFR <60 ml/min/1.73m
2 

instead of <90 ml/min/1.73m
2
 

gave similar results (data not shown). Thirdly, when capillary recruitment was expressed 

as delta capillary recruitment (capillary recruitment PRH – baseline capillary density) 

instead of percentage, analyses gave similar results (data not shown). Fourthly, 

adjustment for 24-h ambulatory SBP and DBP (instead of office SBP and office DBP) also 

gave similar results (data not shown). Fifthly, the associations between skin capillary 

density values and T2DM were not significantly different between women and men (i.e., 

baseline capillary density [P = 0.15], capillary recruitment [P = 0.24], and capillary density 

during venous congestion [P = 0.77], respectively). In addition, the associations between 

skin capillary density values and HbA1c were also not significantly different between 

women and men (i.e., baseline capillary density [P = 0.51], capillary recruitment [P = 0.92], 

and capillary density during venous congestion [P = 0.41], respectively). Sixthly, additional 

adjustment for clock time of skin capillaroscopy measurement (to adjust for diurnal 

influences) and time from light meal until skin capillaroscopy measurement (to adjust for 

light meal influences) again gave similar results (data not shown). Finally, additional 

adjustment of the association of T2DM with skin capillary density values for HbA1c or vice 

versa also gave similar results except that the association of HbA1c with capillary 

recruitment was attenuated after additional adjustment for T2DM (β 1.5 [-2.5; 5.5] %; P = 

0.46; other data not shown). Since T2DM and HbA1c may be a part of the same causal 

pathway linking hyperglycaemia with  capillary density, we consider these mutual 

adjustments of T2DM and HbA1c an overcorrection.
25

 

 

DISCUSSION 

This study demonstrates that T2DM is associated with higher baseline skin capillary 

density and lower relative functional and structural capillary densities. In addition, long-

term hyperglycaemia, as measured by HbA1c, is associated with a lower functional 

capillary density. Furthermore, additional adjustment for eGFR, (micro-)albuminuria, and 

VPT as well as analyses excluding T2DM patients with microangiopathy gave similar 

results, suggesting that T2DM is associated with functional as well as structural capillary 

rarefaction even before clinically apparent microangiopathy (i.e., nephropathy and 
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neuropathy) has developed. Similarly, long-term hyperglycaemia was associated with 

functional capillary rarefaction, even before the presence of clinically apparent diabetic 

microangiopathy. 

The greater baseline capillary density values in participants with T2DM were 

somewhat unexpected. These higher levels could not be explained by the larger number 

of men in the diabetes group (70% compared to 45% in the NGM group), as we adjusted 

analyses for sex differences. In addition, effect modification was ruled out by interaction 

analysis (i.e., these associations were not different in men as compared to women). 

Therefore, other mechanisms may explain the enhanced baseline capillary density values. 

Firstly, T2DM is characterized by high plasma fasting insulin levels
26,27

 and we recently 

demonstrated that hyperinsulinaemia significantly increases baseline capillary density.
28,29

 

However, the microvascular actions of insulin are impaired in individuals with insulin 

resistance
30,31

 so this explanation appears unlikely. Alternatively, the enhanced baseline 

capillary density values may be the consequence of microvascular hyperperfusion, as 

demonstrated in participants with T1DM.
32

 Indeed, in the first years after the onset of 

diabetes, blood flow has been found to be increased in several organs and tissues.
33,34

 This 

increased capillary blood flow may contribute to functional microvascular changes, which 

in turn, may contribute to the development of structural microvascular changes, and 

ultimately microangiopathy (i.e., the haemodynamic hypothesis).
35

  

Thus, T2DM appears associated with capillary hyperperfusion in the resting state 

and a relatively impaired functional and structural capillary recruitment capacity.  This is in 

line with a recent study that demonstrated decreased functional densities in participants 

with T2DM.
18

 Such functional microvascular changes associated with T2DM may 

contribute to the development of structural microvascular changes, and ultimately, clinical 

microangiopathy.
35

 Capillaries that are intermittently perfused in the resting state may be 

an important reserve that can be recruited after arterial occlusion.
15

 Therefore, the lower 

relative functional capillary recruitment in T2DM may be due to a greater number of 

intermittently perfused baseline capillaries in the resting state. Whether this abnormality 

reflects the functional consequence of a structural absence of capillaries is unclear. On the 

one hand, the absolute capillary density after venous occlusion (which is thought to reflect 

maximal density) was not clearly decreased in T2DM. On the other hand, we cannot fully 

exclude that this result was due to insufficient power; in addition, it is not clear how the 

true maximal capillary density should be assessed
28

, as we recently demonstrated that 

hyperinsulinaemia significantly increases capillary density during venous congestion.
14,15,28

   

It is important to note that  microvascular dysfunction may function as an 

intermediate step linking central obesity, low physical activity, and chronic low-grade 

inflammation to insulin resistance.
16

 Indeed, we have recently demonstrated that, among 

individuals with normal glucose metabolism, microvascular dysfunction is associated with 

a 25% higher incidence of T2DM.
36

 Thus it is possible to envisage a vicious cycle of 
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progressive microvascular dysfunction, initiated by obesity, which contributes to the 

development of T2DM, which, in turn, contributes to a further deterioration of 

microvascular function, and, ultimately, to the development structural microvascular 

changes and diabetic microangiopathy. 

We demonstrated that HbA1c is associated with decreased functional capillary 

densities, but not with structural capillary rarefaction. There was also no significant 

association with baseline capillary density. Several large scale studies demonstrated that 

hyperglycaemia plays an important role in the pathogenesis of microvascular 

complications,
37-39

 and associations of estimates of hyperglycaemia with microvascular 

function and structure are thus to be expected. However, our findings suggest that the 

associations of HbA1c and T2DM on the one hand and microvascular function and 

structure on the other show subtle differences, which is consistent with a model in which 

microvascular changes in part precede the occurrence of hyperglycaemia and thus cannot 

be caused by it. Alternatively, consequences of hyperglycaemia, such as the formation of 

advanced glycation endproducts that are poorly reflected by HbA1c may play a role.
6,40

 

Indeed, recent studies have demonstrated that increased AGE levels in diabetes patients 

are associated with microangiopathy.
41,42

  

This study had some limitations. Firstly, the present work is cross-sectional in 

nature and therefore it is not possible to distinguish between cause and effect. Hence, 

further large-scale (longitudinal) studies in this area are needed. Secondly, observational 

studies such as the Maastricht Study do not allow invasive measurements (i.e., we studied 

microcirculation in skin and not in relevant organs such as muscle, the kidney, the heart, 

or the brain). Nevertheless, several studies have demonstrated comparable metabolic
43

 

and vascular effects in skin and muscle,
44

 and skin microcirculation is thought to be a valid 

model for the microcirculation in general.
45

  Thirdly, 77% of all participants fully complied 

with the smoking, caffeine, and meal instructions before microcirculatory measurements, 

and 23% did not. However, when analyses were restricted to fully compliant participants, 

results were essentially unchanged. Fourthly, we did not assess microvascular changes in 

individuals with impaired glucose metabolism, i.e., prediabetes. Finally, data on 

retinopathy were lacking, and our conclusions on T2DM without clinically apparent 

microangiopathy are thus limited by this fact.   

In conclusion, T2DM is associated with increased baseline skin capillary densities 

and with decreased relative functional and structural capillary densities. In addition, 

hyperglycaemia as estimated by HbA1c is associated with impaired functional capillary 

recruitment. Importantly, analyses excluding T2DM patients with microangiopathy gave 

similar results, suggesting that T2DM is associated with functional as well as structural 

capillary rarefaction, even in the absence of clinically apparent microangiopathy.  
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ABSTRACT 

Background 

Skin microvascular flow motion (SMF) – blood flow fluctuation attributed to the rhythmic 

contraction and dilation of arterioles – is thought to be an important component of the 

microcirculation, by ensuring optimal delivery of nutrients and oxygen to tissue and regulating local 

hydraulic resistance. There is some evidence that SMF is altered in obesity, T2DM, and hypertension. 

Nevertheless, most studies of SMF have been conducted in highly selected patient groups, and 

evidence how SMF relates to other cardiovascular risk factors is scarce. Therefore, the aim of the 

present study was to examine in a population-based setting which cardiovascular risk factors are 

associated with SMF.  

 

Methods 

We measured SMF in 506 participants of the Maastricht Study without prior cardiovascular event. 

SMF was investigated using Fourier transform analysis of skin laser Doppler flowmetry at rest within 

five frequency intervals in the 0.01-1.6 Hz spectral range. The associations with SMF of the 

cardiovascular risk factors age, sex, waist circumference, total-to-HDL cholesterol, fasting plasma 

glucose, 24-h systolic blood pressure (SBP), and cigarette smoking were analyzed by use of multiple 

linear regression analysis.  

 

Results 

Per 1SD higher age, waist circumference and 24-h SBP, SMF was 0.16 SD higher (95%CI: 0.07; 0.25; 

P<0.001), -0.14 SD lower (-0.25; -0.04; P=0.01), and 0.16 SD higher (0.07; 0.26; P<0.001), 

respectively, in fully adjusted analyses. We found no significant associations of sex, fasting plasma 

glucose levels, total-to-HDL cholesterol ratio, or pack years of smoking with SMF.  

 

Conclusion 

Age and 24-h SBP are directly, and waist circumference is inversely associated with skin 

microvascular flow motion in the general population. The exact mechanisms underlying these 

findings remain elusive. We hypothesize that flow motion may be an important component of the 

microcirculation by ensuring optimal delivery of nutrients and oxygen to tissue and regulating local 

hydraulic resistance under physiological conditions, but also under pathophysiological conditions 

when microcirculatory perfusion is reduced, such as occurs with ageing and higher blood pressure. 

In addition, obesity may result in an impaired flow motion with negative effects on the delivery of 

nutrients and oxygen to tissue and local hydraulic resistance. 
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INTRODUCTION  

Microvascular vasomotion, i.e. rhythmic changes in (pre-capillary) arteriolar diameter, is 

thought to be an important component of microvascular function.
1
 In fact, these rhythmic 

oscillations regulate microvascular flow distribution so that various tissue regions are 

intermittently perfused.
1,2

 Indeed, theoretical and experimental studies demonstrate that 

an increase in vasomotion can increase total blood flow by 40–60%.
3,4

 In addition, when 

active and passive vessels with the same average diameter are compared, active vessels 

have a lower vascular resistance (according to Poiseuille’s law)
5,6

; i.e., vasomotion 

decreases arterial pressure by 20%.
7
 Thus, vasomotion may be an important component 

of the microcirculation by ensuring optimal delivery of nutrients and oxygen to tissue and 

regulating local hydraulic resistance (i.e., resistance of the microcirculatory bed to blood 

flow).
1,5,8

 The rhythmic changes in arteriolar diameter caused by vasomotion produce 

periodical fluctuations of flow known as microvascular flow motion.
8
 Skin microvascular 

flow motion (SMF) can easily be assessed using laser-Doppler flowmetry. In vivo 

measurements of SMF show a broad spectrum of oscillation frequencies, with high-

frequency oscillations originating from the cardiac and respiratory cycles, and low-

frequency oscillations origination from endothelial, neurogenic, and myogenic cycle.
8-10

  

Central obesity and a sedentary lifestyle are important causes of type 2 diabetes 

mellitus (T2DM) and hypertension, respectively.
11

 However, how obesity leads to T2DM 

and hypertension is incompletely understood. We and others have advanced the 

hypothesis that microvascular dysfunction may contribute both to the development of 

T2DM – by impairing the timely access of glucose and insulin to their target tissues – and 

to the development of hypertension – by increasing vascular resistance.
12

 In addition, it 

has been suggested that obesity is a primary cause of microvascular dysfunction.
13

 

Therefore, microvascular dysfunction may be an intermediate step linking central obesity 

to T2DM and hypertension.
14

  

There is some evidence supporting the hypothesis that SMF, as an important 

component of microvascular function, is altered in obesity, T2DM, and hypertension.
1,15-18

 

Nevertheless, most studies on SMF have been conducted in small numbers of highly 

selected patients. Hence, whether the differences found in these studies can be translated 

to the general population is unknown. In addition, evidence on whether and to what 

extent SMF relates to other cardiovascular risk factors, such as smoking and cholesterol 

levels, is scarce.
19

 

Therefore, the aim of the present study was to examine in a population-based 

setting which cardiovascular risk factors are associated with SMF. In addition, we 
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investigated whether these associations are similar in a healthy subpopulation (free of 

obesity, hypertension, T2DM, and medication use).  

METHODS 

STUDY POPULATION 

In this study, we used data from The Maastricht Study, an observational prospective 

population-based cohort study. The rationale and methodology have been described 

previously.
20

 In brief, the study focuses on the etiology, pathophysiology, complications 

and comorbidities of T2DM and is characterized by an extensive phenotyping approach. 

Eligible for participation were all individuals aged between 40 and 75 years and living in 

the southern part of the Netherlands. Participants were recruited through mass media 

campaigns and from the municipal registries and the regional Diabetes Patient Registry via 

mailings. Recruitment was stratified according to known T2DM status for reasons of 

efficiency. The present report includes cross-sectional data from the first 866 participants, 

who completed the baseline survey between November 2010 and March 2012. The 

examinations of each participant were performed within a time window of three months. 

The study has been approved by the institutional medical ethical committee 

(NL31329.068.10) and the Netherlands Health Council under the Dutch “Law for 

Population Studies” (Permit 131088-105234-PG). All participants gave written informed 

consent. 

SKIN MICROVASCULAR FLOW MOTION MEASUREMENTS 

All participants were asked to refrain from smoking and caffeine 3 hours before the 

measurements. A light meal (breakfast and (or) lunch), low in fat content, was allowed 

prior to the start of the measurements. Laser-Doppler flowmetry (LDF) measurements 

were performed in a quiet, climate-controlled room (T = 24°C) with participants in supine 

position, as previously described.
1
 

Cutaneous blood perfusion was measured by means of a laser-Doppler system 

(Periflux 5000, Perimed, Stockholm, Sweden), equipped with a thermostatic laser-Doppler 

probe (PF 457; Perimed, Stockholm, Sweden) at the dorsal side of the wrist of the left 

hand. Since flow motion has predominantly been observed in participants with a skin 

temperature above 29.3°C
3
 the laser-Doppler probe was set at 30°C. The LDF output was 

recorded for 25 minutes with a sample rate of 32Hz, which gives a semi quantitative 
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assessment of skin microvascular blood perfusion expressed in arbitrary perfusion units 

(i.e. the product of the velocity and concentration of moving red blood cells
21

). LDF 

measurements from the skin reflect perfusion in predominantly arterioles and venules.
22

  

Fast-Fourier Transform algorithm was performed by means of Perisoft dedicated 

software (PSW version 2.50; Perimed) to measure the power density of the LDF oscillation. 

The frequency spectrum between 0.01 and 1.6 Hz was divided into five SMF components: 

1) endothelial, 0.01–0.02 Hz; 2) neurogenic, 0.02–0.06 Hz; 3) myogenic, 0.06–0.15 Hz; 4) 

respiratory, 0.15–0.40 Hz; and 5) heart beat, 0.40– 1.60 Hz.
10

 In addition, total SMF energy 

was obtained by the sum of the power density values of the total frequency spectrum. 

DEFINITION OF CARDIOVASCULAR RISK FACTORS 

Cardiovascular risk factors were adapted from the Framingham risk score
23

, and included: 

age, sex, waist circumference, fasting plasma glucose, total-to-high density lipoprotein 

(HDL) cholesterol ratio, 24-h systolic blood pressure (SBP), and pack years of smoking.  

MEASUREMENT OF CARDIOVASCULAR RISK FACTORS  

Medical history, history of cardiovascular disease, medication use, and smoking behavior 

were assessed by questionnaire.
20

 Weight, height, waist circumference, HbA1c, glucose 

levels, total and high-density lipoprotein (HDL) cholesterol, and triglycerides were 

determined as described elsewhere.
20

 

To determine glucose metabolism, all participants (except those who used 

insulin) underwent a standardized 2-h 75g oral glucose tolerance test (OGTT) after an 

overnight fast. For safety reasons, participants with a fasting glucose level above 11.0 

mmol/L, as determined by a finger prick, did not undergo the OGTT. For these individuals 

(n=13), fasting glucose level and information about diabetes medication use were used to 

determine glucose metabolism status. Glucose metabolism was defined according to the 

WHO 2006 criteria into normal glucose tolerance (NGT), impaired fasting glucose (IFG), 

impaired glucose tolerance (IGT), and T2DM.
24

 Additionally, individuals without T1DM and 

on diabetes medication were considered as having T2DM.
20

   

Ambulatory blood pressure was measured with ambulatory 24-hour BP 

monitoring (WatchBP O3, Microlife AG, Switzerland). Cuffs were applied to the 

participants’ nondominant arm. Measurements were programmed for every 15 minutes 

during daytime (8 a.m. – 11 p.m.) and every 30 minutes during the night (11 p.m. – 8 

a.m.), for a total of 24 hours. As quality criteria, mean 24-h BP measurements were only 

calculated if there were more than 14 valid measurements at daytime and more than 7 

valid measurements at night, based on the recommendations of the British Hypertension 
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Society.
25

 To classify blood pressure, we applied the guidelines as suggested by the Joint 

National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood 

Pressure.
26

 Hypertension was defined as 24-h SBP ≥135 mmHg, 24-h diastolic blood 

pressure (DBP) ≥85 mmHg, and/or the use of antihypertensive medication.  

Pack years of smoking was defined as one packet (20 cigarettes) per day, smoked 

over a course of 1 year. 

ASSESSMENT OF SENSORY NEUROPATHY 

Vibration perception threshold (VPT) was measured as a marker of peripheral neuropathy. 

VPT was assessed using a hand-held neurothesiometer (Horwell Scientific Laboratory 

Supplies, Nottingham, UK). After a test procedure on the subject’s elbow, VPT was tested 

3 times at the distal phalanx of the hallux of the right and left foot. The minimum VPT at 

which the subject was aware of vibration sensation was recorded to the nearest 0.5 V, 

starting from 0.0 V with increasing stimulation. The mean of the three measurements for 

the least sensitive foot was used in further analyses.
27,28

 Peripheral sensory neuropathy 

(PSN) was defined as VPT ≥25 V.
28

 

STATISTICAL ANALYSIS 

All statistical analyses were performed with the use of the Statistical Package for Social 

Sciences (IBM, version 20.0, Chicago, Illinois, USA). We used standardized multiple linear 

regression analysis to evaluate the association of cardiovascular risk factors with both 

total SMF energy and the energy contribution of the five SMF components. All 

associations were adjusted for the other cardiovascular risk factors and diabetes status. 

On the basis of an a priori sample size calculation
29

 with a small effect size (f
2
 = 0.03), we 

estimated that a sample size of approximately 485 participants was sufficient for our 

analysis. Finally, by design the study population was enriched with T2DM participants. 

Therefore, we investigated whether these associations differed by T2DM status by adding 

interaction terms in our models (i.e., the product of 1) the cardiovascular risk factor and 2) 

T2DM). Variables with a skewed distribution were log transformed for further analyses.  

Data are expressed as standardized regression coefficients (sβ) with their 95% 

confidence intervals (95%CI). A P value less than 0.05 was considered statistically 

significant.  
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RESULTS 

From the initial 866 participants included in this study, we excluded four participants with 

T1DM. In the remaining 862 participants, LDF data were available in 746 participants; the 

reason for missing data was a defect LDF system (n = 78) and unsatisfactory LDF 

measurements (i.e., LDF recordings less than 10 minutes; n = 38). In addition, to avoid 

treatment-induced changes in microvascular function, we excluded participants with a 

prior cardiovascular event (n = 152). In the remaining 594 participants, all variables were 

available in 506 participants. Data were missing on 24-h blood pressure (BP) 

measurements (n = 47), pack years of smoking (n = 36), cholesterol levels (n = 4), and 

waist circumference (n = 1) (Fig. 5.1). In addition, we selected a healthy subpopulation of 

participants who were free of: impaired glucose metabolism (IGM; defined as having 

either IFG or IGT) or T2DM; hypertension; glucose lowering medication, anti-hypertensive 

medication, and lipid modifying medication use; and BMI ≥ 30 kg/m
2
. Complete data for 

this healthy subpopulation were available in 193 participants (Fig. 5.1). 

 

 
Figure 5.1. Flow diagram 



 

Table 5.1. General characteristics of the study population and the healthy subpopulation in total and according to tertiles of total skin microvascular flow motion energy 

Data are presented as means ± SD, medians [inter-quartile ranges], or numbers (percentages) of the total group and according to tertiles (T1-T3) of total skin 

microvascular flow motion energy.  

Characteristic 

Study population Healthy subpopulation 

Total T1 (n = 168) T2 (n = 169) T3 (n = 169) Total T1 (n = 64) T2 (n = 65) T3 (n = 64) 

Age (years) 
Sex (men) 

BMI categories  
   Normal weight (BMI < 25 kg/m

2
) 

   Overweight (BMI ≥ 25 – < 30 kg/m
2
)  

   Obese (BMI ≥ 30 kg/m
2
)  

Waist circumference  

   Men (cm) 
   Women (cm) 
HbA1c (%) 

Fasting plasma glucose (mmol/L) 
Total cholesterol (mmol/L) 

HDL-cholesterol (mmol/L) 
LDL-cholesterol (mmol/L) 
Total-to-HDL cholesterol ratio  

Triglycerides (mmol/L) 
24-h SBP (mmHg) 
24-h DBP (mmHg) 

24-h MAP (mmHg) 
24-h heart rate (bpm) 

Smoking  
   Never  
   Former 

   Current  
Pack years of smoking 

Glucose metabolism 
   NGM 
   IGM 

   T2DM 
Hypertension  
Peripheral sensory neuropathy  

58.8 ± 8.5 
260 (51.4)  

 
171 (33.8) 

243 (48.0) 
92 (18.2) 

 

100.3 ± 10.5 
90.8 ± 13.5 

5.9 ± 0.8 

5.9 ± 1.4 
5.4 ± 1.1 

1.4 ± 0.4 
3.4 ± 1.0 
4.2 ± 1.3 

1.2 [0.8 – 1.7] 
119 ± 12 

74 ± 7 

93 ± 9 
70 ± 9 

 
173 (34.2) 
260 (51.4) 

73 (14.4) 
14.0 [5.0 – 27.9] 

 
297 (58.7) 
89 (17.6)  

120 (23.7) 
189 (37.4) 

19 (4.9) 

56.5 ± 8.9 
85 (50.6)  

  
57 (33.9) 

83 (49.4) 
28 (16.7) 

  

102.0 ± 11.5 
91.7 ± 15.8 

5.8 ± 0.6 

5.6 ± 1.3 
5.5 ± 1.0 

1.4 ± 0.4 
3.5 ± 0.9 
4.4 ± 1.5 

1.2 [0.8 – 1.7] 
116 ± 11 

74 ± 7 

91 ± 8 
70 ± 9 

  
64 (38.1) 
80 (47.6) 

24 (14.3) 
14.3 [4.0 – 25.5] 

  
110 (65.5) 
25 (14.9)  

33 (19.6) 
61 (36.3) 

3 (1.8) 

59.3 ± 8.0 
88 (52.1)  

 
52 (30.8) 

80 (47.3) 
37 (21.9) 

 

99.7 ± 9.8 
91.2 ± 12.1 

5.9 ± 0.6 

5.8 ± 1.0 
5.4 ± 1.2 

1.4 ± 0.4 
3.4 ± 1.0 
4.2 ± 1.1 

1.3 [0.9 – 1.8] 
120 ± 13 

75 ± 7 

93 ± 9 
71 ± 8 

 
61 (36.1) 
86 (50.9) 

22 (13.0) 
15.3 [6.0 – 30.4] 

 
95 (56.2) 
30 (17.8)  

44 (26.0) 
70 (41.4) 
11 (6.5) 

60.2 ± 8.1 
87 (51.5)  

  
62 (36.7) 

80 (47.3) 
27 (16.0) 

  

99.2 ± 9.9 
89.4 ± 12.4 

5.9 ± 0.6 

5.9 ± 1.1 
5.5 ± 1.1 

1.4 ± 0.4 
3.5 ± 1.0 
4.1 ± 1.3 

1.2 [0.8 – 1.7] 
120 ± 12 

74 ± 7 

93 ± 9 
69 ± 9 

  
48 (28.4) 
94 (55.6) 

27 (16.0) 
11.8 [4.9 – 31.0] 

  
92 (54.4) 
34 (20.1)  

43 (25.4) 
58 (34.4) 

5 (3.0) 

55.6 ± 8.5 
80 (41.5) 

 
108 (56.0) 

85 (44.0) 
- 
 

94.1 ± 7.4 
84.4 ± 8.0 
5.5 ± 0.3 

5.1 ± 0.4 
5.7 ± 1.0 

1.5 ± 0.4 
3.7 ± 0.9 
4.1 ± 1.2 

1.0 [0.7 – 1.3] 
113 ± 9 
72 ± 6 

89 ± 7 
69 ± 8 

 
79 (40.9) 
86 (44.6) 

28 (14.5) 
10.5 [4.2 – 25.7] 

 
193 (100) 

- 

- 
- 

0 (0) 

53.4 ± 8.5 
26 (40.6) 

  
36 (56.3) 

28 (43.8) 
- 
  

95.3 ± 7.6 
85.1 ± 7.7 
5.5 ± 0.3 

5.1 ± 0.4 
5.6 ± 0.9 

1.5 ± 0.4 
3.7 ± 0.8 
4.0 ± 1.2 

0.9 [0.7 – 1.2] 
110 ± 9 
71 ± 6 

87 ± 7 
69 ± 8 

  
28 (43.8) 
28 (43.8) 

8 (12.5) 
14.5 [3.8 – 25.5] 

  
64 (100) 

- 

- 
- 

0 (0) 

56.2 ± 8.7 
27 (41.5) 

 
36 (55.4) 

29 (44.6) 
- 
 

94.0 ± 7.8 
84.3 ± 9.0 
5.5 ± 0.4 

5.2 ± 0.4 
5.6 ± 1.0 

1.5 ± 0.4 
3.7 ± 0.9 
4.1 ± 1.2 

1.0 [0.7 – 1.5] 
114 ± 9 
73 ± 6 

90 ± 7 
69 ± 8 

 
28 (43.1) 
29 (44.6) 

8 (12.3) 
12.8 [4.4 – 27.4] 

 
65 (100) 

- 

- 
- 

0 (0) 

57.3 ± 8.5 
27 (42.2) 

  
36 (56.3) 

28 (43.8) 
- 
  

93.1 ± 6.9 
83.9 ± 9.0 
5.5 ± 0.3 

5.1 ± 0.4 
5.7 ± 1.1 

1.5 ± 0.4 
3.8 ± 1.0 
4.0 ± 1.2 

1.0 [0.7 – 1.3] 
115 ± 10 

73 ± 7 

90 ± 8 
69 ± 8 

  
23 (35.9) 
29 (45.3) 

12 (18.8) 
7.8 [4.9 – 24.4] 

  
64 (100) 

- 

- 
- 

0 (0) 
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GENERAL CHARACTERISTICS 

General characteristics of the study population are shown in Table 5.1. The study 

population included 260 (51.4%) men, 73 (14.4%) current smokers, 120 participants 

(23.7%) with T2DM, and 189 participants (37.4%) with hypertension. The healthy 

subpopulation included 80 (41.4%) men and 28 (14.5%) current smokers. In addition, 

Table 1 shows that, when compared with participants in the lowest tertile of SMF, those in 

the middle and highest tertiles had a higher age and higher BP-values. The median value 

of total SMF energy was 14.5 (inter-quartile range: 9.1 – 21.4) in the study population and 

13.6 (7.8 – 22.1) in the healthy subpopulation (Table 5.2). 

 

Table 5.2. Flow motion in the study population and the healthy subpopulation  

Characteristic Study population Healthy subpopulation 

Total skin microvascular flow motion energy (A.U.)  
Energy contribution endothelial component (A.U.) 

Energy contribution neurogenic component (A.U.) 
Energy contribution myogenic component (A.U.) 
Energy contribution respiratory component (A.U.) 

Energy contribution heart beat component (A.U.) 

14.5 [9.1 – 21.4] 
0.9 [0.5 – 1.4] 

1.4 [0.8 – 2.2] 
1.4 [0.8 – 2.2] 
2.1 [1.3 – 3.3] 

8.2 [4.8 – 12.1] 

13.6 [7.8 – 22.1] 
0.9 [0.5 – 1.4] 

1.3 [0.8 – 2.2] 
1.4 [0.8 – 2.3] 
1.9 [1.2 – 3.2] 

7.3 [4.2 – 12.4] 

Data are presented as medians [inter-quartile ranges]. A.U., arbitrary units 

ASSOCIATIONS OF AGE WITH TOTAL SKIN MICROVASCULAR FLOW 

MOTION ENERGY AND THE SKIN MICROVASCULAR FLOW MOTION 

COMPONENTS 

Age was associated with a higher total SMF energy; per standard deviation (SD) higher age 

(8.5 years) total SMF energy was 0.16 SD (95%CI: 0.07; 0.25; P < 0.001) higher (Fig. 5.2). 

Age was not significantly associated with the energy contribution of the endothelial, 

neurogenic, and myogenic component, but was associated with a higher energy 

contribution of the respiratory and heart beat component (sβ 0.24 SD [0.15; 0.33]; P < 

0.001 and sβ 0.20 SD [0.11; 0.29]; P < 0.001, respectively) (Fig. 5.3). We found similar 

results when the frequency components were divided into a low (0.01–0.15 Hz) and high 

(0.15–1.60 Hz) frequency component; age was not significantly associated with the energy 

contribution of the low frequency component (sβ 0.02 SD [-0.08; 0.11]; P = 0.73), but was 

associated with a higher energy contribution of the high frequency component (sβ 0.21 SD 

[0.12; 0.30]; P < 0.001). These results did not materially change when analyses were 

restricted to the healthy subpopulation (Fig. 5.4 and 5.5), although the association of a 

higher age with total SMF energy and the energy contribution of the heart beat 



112 Chapter 5 

 

component  became somewhat weaker and borderline significant (sβ 0.13 SD [-0.02; 

0.27]; P = 0.09 and sβ 0.13 SD [-0.02; 0.28]; P = 0.09, respectively). 

 

 

 

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Pack years (SD)

24-h SBP (SD)

Total:HDL chol ratio (SD)

Fasting plasma glucose (SD)

Waist circumference (SD)

Sex (women)

Age (SD) 0.16 (0.07; 0.25)†

Standardized β  (95%CI)

0.03 (-0.08; 0.13)

-0.14 (-0.25; -0.04)*

0.11 (-0.02; 0.24)

-0.02 (-0.11; 0.07)

0.16 (0.07; 0.26)†

0.04 (-0.05; 0.13)

Total microvascular flowmotion energy (SD)

 Figure 5.2. Associations between cardiovascular risk factors and total skin microvascular flow motion energy in 

the study population. Point estimates (standardized β) and 95%CIs represent the change in total skin 

microvascular flow motion energy (in SD) per SD increase (or men vs. women) in the cardiovascular risk factor 

resulting from a fully adjusted multivariate regression model.  * P < 0.05; † P < 0.001. SD, standard deviation; 

SBP, systolic blood pressure. 
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-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

24-h SBP (SD)

Waist circumference (SD)

Age (SD)

Standardized β  (95%CI)

0.01 (-0.08; -0.11)

0.03 (-0.06; 0.13)

0.00 (-0.09; 0.10)

0.24 (0.15; 0.33)†

0.20 (0.11; 0.29)†

-0.14 (-0.25; -0.03)*

-0.11 (-0.21; 0.00)*

-0.15 (-0.26; -0.04)*

-0.16 (-0.27; -0.06)*

-0.12 (-0.23; -0.02)*

0.16 (0.06; 0.26)*

0.16 (0.05; 0.26)*

0.13 (0.03; 0.23)*

0.13 (0.03; 0.23)*

0.17 (0.07; 0.27)†

Endothelial component

Neurogenic component

Myogenic component

Respiratory component

Heart beat component

Energy contribution (SD)

Figure 5.3. Associations between cardiovascular risk factors and the energy contribution of the different skin 

microvascular flow motion components in the study population. Point estimates (standardized β) and 95%CIs 

represent the change in the energy contribution of the frequency component (in SD) per SD increase in the 

cardiovascular risk factor resulting from a fully adjusted multivariate regression model. * P < 0.05; † P < 0.001. 

SD, standard deviation; SBP, systolic blood pressure. 
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-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Pack years (SD)

24-h SBP (SD)

Total:HDL chol ratio (SD)

Fasting plasma glucose (SD)

Waist circumference (SD)

Sex (women)

Age (SD) 0.13 (-0.02; 0.27)

Standardized β  (95%CI)

0.04 (-0.13; 0.21)

-0.18 (-0.36; 0.00)*

0.01 (-0.14; 0.16)

0.04 (-0.11; 0.19)

0.31 (0.15; 0.47)†

0.02 (-0.12; 0.17)

    Total microvascular flowmotion energy (SD)

Figure 5.4. Associations between cardiovascular risk factors and total skin microvascular flow motion energy in 

the healthy subpopulation. Point estimates (standardized β) and 95%CIs represent the change in total skin 

microvascular flowmotion energy (in SD) per SD increase (or men vs. women) in the cardiovascular risk factor 

resulting from a fully adjusted multivariate regression model. * P < 0.05; † P < 0.001. SD, standard deviation; SBP, 

systolic blood pressure. 
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-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

24-h SBP (SD)

Wasit circumference (SD)

Age (SD)

Standardized β  (95%CI)

0.01 (-0.14; 0.16)

0.01 (-0.15; 0.16)

-0.04 (-0.18; 0.16)

0.21 (0.07; 0.36)*

0.13 (-0.02; 0.28)

0.34 (0.19; 0.50)†

0.26 (0.10; 0.42)*

0.29 (0.13; 0.45)†

0.24 (0.08; 0.39)*

0.30 (0.14; 0.46)†

Endothelial component

Neurogenic component

Myogenic component

Respiratory component

Heart beat component

-0.17 (-0.34; 0.01)

-0.16 (-0.35; 0.02)

-0.21 (-0.39; -0.02)*

-0.21 (-038.; -0.03)*

-0.15 (-0.33; 0.03)

Energy contribution (SD)

 
Figure 5.5. Associations between cardiovascular risk factors and the energy contribution of the different skin 

microvascular flow motion components in the healthy subpopulation. Point estimates (standardized β) and 

95%CIs represent the change in the energy contribution of the frequency component (in SD) per SD increase in 

the cardiovascular risk factor resulting from a fully adjusted multivariate regression model. * P < 0.05; † P < 

0.001. SD, standard deviation; SBP, systolic blood pressure. 
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ASSOCIATIONS OF WAIST CIRCUMFERENCE WITH TOTAL SKIN 

MICROVASCULAR FLOW MOTION ENERGY AND THE SKIN 

MICROVASCULAR FLOW MOTION COMPONENTS 

Waist circumference was associated with a lower total SMF energy; per SD higher waist 

circumference (13.0 cm) total SMF energy was -0.14 SD (-0.25; -0.04; P = 0.01) lower (Fig. 

5.2). In addition, waist circumference was associated with a lower energy contribution of 

all the five frequency components (Fig. 5.3). We found similar results with the low and 

high frequency component; waist circumference was significantly associated with a lower 

energy contribution of the low as well as the high frequency component. Restriction of 

these analyses to the healthy subpopulation showed similar results (Fig. 5.4 and 5.5), 

although the association of a higher waist circumference with the energy contribution of 

the endothelial, neurogenic, and heart beat component became somewhat weaker and 

borderline significant (sβ -0.17 SD [-0.34; 0.01]; P = 0.07, sβ -0.16 SD [-0.35; 0.02]; P = 0.09, 

and sβ -0.15 SD [-0.33; 0.03]; P = 0.10, respectively). 

ASSOCIATIONS OF 24-H SBP WITH TOTAL SKIN MICROVASCULAR FLOW 

MOTION ENERGY AND THE SKIN MICROVASCULAR FLOW MOTION 

COMPONENTS 

24-h SBP was associated with a higher total SMF energy; per SD higher 24-h SBP (12 

mmHg) total SMF energy was 0.16 SD (0.07; 0.26; P < 0.001) higher (Fig. 5.2). In addition, 

24-h SBP was associated with a higher energy contribution of all the five frequency 

components (Fig. 5.3). We found similar results with the low and high frequency 

component; 24-h SBP was significantly associated with a higher energy contribution of the 

low as well as the high frequency component. Restriction of these analyses to the healthy 

subpopulation showed similar results (Fig. 5.4 and 5.5). 

Analysis with 24-h DBP, MAP, or pulse pressure instead of 24-h SBP gave similar 

results, both in the study population and the analyses restricted to the healthy 

subpopulation (data not shown). 
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ASSOCIATIONS OF THE OTHER CARDIOVASCULAR RISK FACTORS WITH 

TOTAL SKIN MICROVASCULAR FLOW MOTION ENERGY AND THE SKIN 

MICROVASCULAR FLOW MOTION COMPONENTS 

We found no significant associations of sex, fasting plasma glucose levels, total-to-HDL 

cholesterol ratio, or pack years of smoking with total SMF energy, both in the study 

population (Fig. 5.2) and healthy subpopulation (Fig. 5.4). In addition, sex, fasting plasma 

glucose levels, total-to-HDL cholesterol ratio, or pack years of smoking were not 

associated with a higher or lower energy contribution of the five SMF components (data 

not shown). 

 Analysis with HbA1c or diagnostic measures of T2DM (i.e., T2DM (yes/no), T2DM and 

insulin use (yes/no), T2DM and peripheral neuropathy (yes/no)) instead of fasting plasma 

glucose did not result in significant associations either (data not shown). Nevertheless, 

participants with a T2DM duration ≥10 years had a lower energy contribution of the 

endothelial component as compared to participants with a T2DM <10 years (sβ -0.23 SD [-

0.46; -0.01]; P = 0.04). 

ADDITIONAL ANALYSES 

First, the associations of the cardiovascular risk factors with both total SMF energy and the 

energy contribution of the components did not differ by diabetes status (data not shown). 

Second, the five SMF components can also be expressed in relative energy contributions.
30

 

Analysis with the relative energy contribution instead of absolute energy contribution of 

the SMF components demonstrated that age was associated with a lower relative energy 

contribution of the endothelial, neurogenic, and myogenic components, but with a higher 

relative energy contribution of both the respiratory and the heart beat component. In 

addition, waist circumference and 24-h SBP were not associated with a higher or lower 

relative energy contribution of the five SMF components (data not shown). Third, 

additional adjustment for time of LDF measurements (to adjust for diurnal influences) and 

time from light meal till LDF measurements (to adjust for light meal influences) gave 

similar results (data not shown). Fourth, additional adjustment for glucose-lowering 

medication, antihypertensive medication, and lipid-modifying medication use in the study 

population gave similar results (data not shown).  
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DISCUSSION 

This study represents a comprehensive analysis of the associations of cardiovascular risk 

factors with SMF in a population-based sample. The study had two main findings. First, 

age and 24-h SBP were directly, and waist circumference was inversely associated with 

SMF after adjustment for the other cardiovascular risk factors, diabetes status, glucose-

lowering medication, antihypertensive medication, and lipid-modifying medication use. 

Second, these associations were similar both in the study population and in the healthy 

subpopulation. Importantly, the study population seems to be a representation of the 

source population in the study region (e.g., the prevalence of overweight, obesity, and 

hypertension was 48.0%, 18.2%, and 37.4% respectively in our dataset as compared to 

48.0%, 12.0%, and 31.4% in the general Dutch population
31,32

). However, since the 

Maastricht Study focuses on the etiology, pathophysiology, complications and 

comorbidities of T2DM, recruitment was stratified according to known T2DM status for 

reasons of efficiency.
20

 Therefore, generalizability may be restricted to populations with 

similar profiles (i.e., with high prevalence’s of T2DM).  Nevertheless, restriction of these 

analyses to the healthy subpopulation (without IGM and T2DM) showed similar results, 

indicating that 1) these associations were not determined by IGM or T2DM and 2) these 

associations can be considered valid for the general population. 

Our finding that age and 24-h SBP were directly and that waist circumference was 

inversely associated with total SMF energy is in line with previous studies.
16,18,33,34

 

Nevertheless, the age-related increases in the respiratory and heart beat component, the 

waist circumference-related decreases, and the BP-related increases in all the five 

frequency components demonstrated in our study somewhat contrast with findings of 

other studies which demonstrated age-, obesity-, and hypertension-related alterations in 

the low frequency components.
16,18,34

 The explanation for these discrepancies is not 

entirely clear, but may be related to the fact that 1) we studied a larger group (i.e., we had 

more power to detect small differences) and 2) previous studies investigated a non-

random sample of the population which could have introduced selection bias. 

 There is convincing evidence that the regulation of whole body and tissue 

metabolism and blood pressure by the microcirculation
14

 may be mediated, at least partly, 

via effects on flow motion under both physiological and pathophysiological conditions.
1,8

 

Indeed, several studies demonstrated that insulin and meal ingestion stimulate 

microvascular flow motion, which is likely paralleled with an increased tissue perfusion 

and increased insulin-stimulated glucose uptake in skeletal muscle.
1,35

 In addition, 

experimental data demonstrated that rabbits with microvascular flow motion had a 20% 

lower arterial pressure as compared to rabbits without flow motion.
7
 Furthermore, tissue 

areas threatened by homeostatic and metabolic stress demonstrated enhanced flow 

motion.
36

 In addition, patients with mild peripheral arterial occlusive disease are 
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characterized by enhanced flow motion.
37

 Interestingly, when these patients were divided 

into those exhibiting flow motion and those who did not, those with flow motion had 

significantly higher tissue oxygen levels than those patients without, despite similar blood 

flow.
37

 Thus, considering the suggested role of flow motion, we may suppose that the 

positive association of age and 24-h SBP with total SMF energy could represent an 

adaptive response to ageing and increased BP, with beneficial effects on tissue perfusion 

and local hydraulic resistance. It should, however, be kept in mind that the positive 

associations of age and BP with SMF may reflect different aspects of microvascular 

function, which is reflected in the fact that we found positive associations of age with the 

high-frequency components and of BP with all frequency components. In addition, the 

negative association of waist circumference with total SMF energy could represent 

obesity-related disturbance of flow motion, with negative effects on the delivery of 

nutrients and oxygen to tissue and local hydraulic resistance, which is consistent with a 

role for microvascular dysfunction, specifically impaired SMF, in the development of 

obesity-related T2DM and hypertension.
14

 

Theoretical and experimental evidence for the concept that flow motion 

increases with age as an adaptive response is lacking. Hence, it should be realized that the 

positive association of age with SMF might be the consequence of a thinner epidermis 

with increased age, resulting in a greater measuring depth and thus increased perfusion 

signals. Nevertheless, studies investigating the effect of ageing on epidermal thickness 

demonstrated conflicting results
38,39

, and therefore this concept remains controversial. In 

addition, increased perfusion signals due to a thinner epidermis would result in positive 

associations of all five frequency components. Here, we only demonstrated age-related 

increases of the respiratory and heart beat component, indicating that with ageing, there 

is a shift towards the contribution of the respiratory and heart beat component resulting 

in a, possibly adaptive, enhanced SMF. 

With regard to BP, several experimental and mathematical models demonstrated 

that during BP elevations arterioles are constricted and an oscillating network can 

transiently dilate these arterioles, thereby increasing tissue perfusion and alter local 

hydraulic resistance.
40,41

 Indeed, in the hamster microcirculation, vasoconstriction induced 

by N
G
-monomethyl-L-arginine (L-NMMA) caused a decrease in effective diameter and an 

increase in flow motion frequency.
41

 These experimental studies may support our positive 

association of BP with total SMF energy, indicating that flow motion may prevail over 

autoregulation during BP elevations.
41

 In relation to the possible mechanisms involved, we 

demonstrated BP-related increases in the energy contribution of all five frequency 

components. These findings suggest an improvement in the efficiency of all components 

of flow motion during BP elevation.
18

  

With regard to waist circumference, there is convincing evidence that obesity is a 

primary cause of microvascular dysfunction
13

 and that microvascular dysfunction, in turn, 
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may be an intermediate step linking obesity to T2DM and hypertension.
14

 In relation to 

the possible mechanisms involved, there is an increase in several circulating adipose 

tissue-derived factors in obesity, whereas the anti-inflammatory adipokine, adiponectin, is 

decreased. These endocrine factors are likely candidates to influence microvascular 

function and thus flow motion.
1,14

 Hence, the waist circumference-related decreases in 

the energy contribution of all five frequency components may reflect a decline in the 

efficiency of all the components of flow motion due to these endocrine factors. 

Interestingly, major weight loss in severely obese patients resulted in a full normalisation 

of flow motion
33

, suggesting a cause-effect relationship between obesity and impaired 

flow motion. 

 The lack of a significant association of fasting plasma glucose and other metabolic or 

diagnostic measures of T2DM with SMF was unexpected. Other studies suggested that 

humans with T1DM and T2DM are characterized by decreased flow motion patterns in the 

low-frequency oscillations.
15,17

 The explanation for this discrepancy is not entirely clear, 

but may be related to the fact that the participants with T2DM in our study had a shorter 

diabetes duration (median of 7.0 [inter-quartile range: 3.0 – 11.0] years) than in the other 

study (mean of 17.1 ± 2.3 years).
17

 Indeed, in the current study, participants with a T2DM 

duration ≥10 years had a decreased energy contribution of the endothelial component as 

compared to participants with a T2DM <10 years, suggesting that the altered patterns of 

flow motion as demonstrated in diabetes may be a complication of long-standing 

diabetes. 

Sex, total-to-HDL ratio, and smoking are associated with macrovascular 

dysfunction.
42

 However, we could not confirm these associations with SMF. Interestingly, 

several other studies did not find significant associations of sex, cholesterol, and smoking 

with measures of microvascular function either (i.e., skin capillary recruitment
43

, and 

generalized retinal arteriolar narrowing and venular dilatation
44,45

), suggesting that these 

determinants are less important for microvascular as compared to macrovascular 

functioning.  

The present study had some limitations. First, this study is cross-sectional in 

nature and therefore it is not possible to distinguish between cause and effect. Hence, 

further large-scale (longitudinal) studies in this area are needed. Second, observational 

studies like the Maastricht Study do not allow invasive measurements (i.e., we studied 

skin and not muscle microcirculation). Nevertheless, several studies have demonstrated 

comparable metabolic
46

 and vascular effects in skin and muscle.
47

 These studies strongly 

suggest that vascular responses observed in skin parallel those in muscle, and thus that 

measurement of the skin microvasculature is a valid tool for the assessment of 

microvascular function.
48

 Third, 86% of all participants complied with the smoking, 

caffeine, and meal instructions before SMF measurements. However, when analyses were 

restricted to these participants, results did not change.  
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 In conclusion, age and 24-h SBP are directly, and waist circumference is inversely 

associated with skin microvascular flow motion in the general population. The exact 

mechanisms underlying these findings remain elusive. We hypothesize that flow motion 

may be an important component of the microcirculation by ensuring optimal delivery of 

nutrients and oxygen to tissue and regulate local hydraulic resistance under physiological 

conditions, but also under pathophysiological conditions when microcirculatory perfusion 

is reduced, such as occurs with ageing and higher blood pressure. In addition, obesity may 

result in an impaired flow motion with negative effects on the delivery of nutrients and 

oxygen to tissue and local hydraulic resistance.  
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GENERAL DISCUSSION  

Accumulating evidence supports the hypothesis that microvascular dysfunction precedes 

and even predicts the development of type 2 diabetes mellitus (T2DM).
1-3

 However, 

epidemiological and longitudinal evidence on this role of microvascular dysfunction is 

largely lacking. An epidemiological approach has several advantages over small-scale 

experimental studies, since 1) it enables investigation of relatively unbiased associations 

(i.e., without selection bias and without [or with proper adjustment for] confounding), 2) 

it enables assessment of multiple exposures and multiple outcomes, and 3) longitudinal 

studies provide more information about the underlying associations.
4
 The general aim of 

the research reported on in this thesis was therefore to investigate the associations of 

microvascular dysfunction with T2DM and long-term hyperglycaemia, using an 

epidemiological approach.  

 This final chapter first briefly summarizes the main findings of our studies and then 

discusses the most important methodological issues of the research underlying this thesis. 

Finally, it discusses the public health implications and proposes directions for future 

research.  

   

SUMMARY 

Chapter 1 summarized the current literature on microvascular dysfunction as an 

intermediate step linking central obesity to T2DM. Considerable evidence exists that 

microvascular dysfunction is a key feature in the development of obesity-related insulin 

resistance. Obesity is associated with microvascular dysfunction through alterations in 

endocrine and vasocrine signals that change intracellular signalling in microvascular 

endothelial and skeletal muscle cells. Microvascular dysfunction, in turn, may contribute 

to the development of T2DM – by impairing the timely access of glucose and insulin to 

their target tissues.
5-7

  

The assessment of microvascular function in specific vascular beds – especially 

the assessment of skin capillary density – is technically demanding and time-consuming, 

and is thus mostly used in relatively small, experimental studies (chapter 2). In order to 

facilitate the use of skin capillaroscopy in large-scale studies we first developed a semi-

automatic method for the assessment of skin capillary density. The study reported on in 

chapter 2.3 demonstrated that this semi-automatic image analysis application (CapiAna) 

1) agrees well with the classic manual counting procedure, with no significant differences 
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between the two methods, 2) has better reproducibility than the classic manual counting 

procedure and 3) is intrinsically faster than the manual counting procedure, with time 

savings of approximately 60 minutes per subject. This semi-automatic method facilitates 

the off-line analysis of skin capillary density. 

 In the systematic review discussed in chapter 3, we searched for all prospective 

studies available in the literature that investigated the association between microvascular 

dysfunction and incident T2DM and impaired fasting glucose (IFG). We found 23 articles 

that investigated the association of plasma markers of endothelial dysfunction (n = 11), 

peripheral vascular reactivity (n = 1), retinal diameters (n = 5), and microalbuminuria (n = 

6) with incident T2DM and/or IFG. Thirteen of these studies
8-20

 were included in a meta-

analysis, which confirmed that microvascular dysfunction is associated with a 10% to 49% 

higher incidence of T2DM and an 8% to 15% higher incidence of IFG. These results indicate 

that various estimates of microvascular dysfunction are associated with incident T2DM 

and IFG, suggesting a role for the microcirculation in the pathogenesis of T2DM.  

In chapter 4, we discussed the associations of T2DM status and long-term 

hyperglycaemia with functional and structural capillary density. We demonstrated that 

T2DM is associated with higher baseline skin capillary density and lower relative functional 

and structural capillary densities. In addition, long-term hyperglycaemia, as measured by 

HbA1c, is associated with a lower functional capillary density. Analyses excluding T2DM 

patients with microangiopathy gave similar results, suggesting that T2DM is associated 

with functional as well as structural capillary rarefaction even before clinically apparent 

microangiopathy (i.e., nephropathy and neuropathy) has developed. Similarly, long-term 

hyperglycaemia was associated with functional capillary rarefaction, even before the 

presence of clinically apparent diabetic microangiopathy.  

In the study discussed in chapter 5, we investigated the associations between 

skin microvascular flow motion (SMF) and the cardiovascular risk factors age, sex, waist 

circumference, total-to-HDL cholesterol, fasting plasma glucose, 24-h systolic blood 

pressure (SBP), and cigarette smoking. We demonstrated that age and 24-h SBP were 

positively associated with SMF, and that waist circumference was negatively associated 

with SMF, independent of other cardiovascular risk factors. More importantly, the 

associations remained similar in a healthy subpopulation, suggesting that these results can 

be considered valid for the general population. 

In conclusion, using an epidemiological approach, we demonstrated a 

relationship between microvascular dysfunction and T2DM in the general population. 

Interpretation of these results suggests a vicious circle of progressive microvascular 

dysfunction, possibly initiated by obesity (chapter 1; Fig. 6.1), which contributes to the 

development of T2DM (chapter 3; Fig. 6.1), which, in turn, contributes to a further 

deterioration of microvascular function, and ultimately to the development of structural 

microvascular changes and diabetic microangiopathy (chapter 4; Fig. 6.1). In addition, 
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microvascular vasomotion (resulting in flow motion) may be an important component of 

microvascular function, by ensuring optimal delivery of nutrients and oxygen to tissues 

and regulating local hydraulic resistance.
21-23

 Impaired vasomotion, again initiated by 

obesity, may have negative effects on the delivery of nutrients and oxygen to tissues and 

on local hydraulic resistance, and thus on microvascular functioning. This, in turn, may 

contribute to the development of T2DM (chapter 5; Fig. 6.1). 

 

 
Figure 6.1. Hypothesis describing how microvascular dysfunction, initiated by obesity, contributes to the 

development of T2DM, which in turn, contributes to a further deterioration of microvascular function, and 

ultimately to the development of diabetic microangiopathy. In addition, impaired vasomotion, as an important 

component of microvascular function, may have negative effects on the delivery of nutrients and oxygen to 

tissues and on local hydraulic resistance and thus on microvascular functioning. 
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METHODOLOGICAL CONSIDERATIONS 

EXTERNAL VALIDITY 

Most studies in this thesis (chapters 4 and 5) were conducted in the context of the 

Maastricht Study, an observational prospective population-based cohort study.
24

 Eligible 

for participation were all individuals aged between 40 and 75 years and living in the 

southern part of the Netherlands. Participants were recruited through mass media 

campaigns and from the municipal registries and the regional Diabetes Patient Registry via 

mailings. Since the Maastricht Study focuses on the etiology, pathophysiology, 

complications and comorbidities of T2DM, recruitment was stratified according to known 

T2DM status for reasons of efficiency.
24

 Therefore, generalizability may be restricted to 

populations with similar profiles (i.e., with high prevalence’s of T2DM). Nevertheless, the 

associations presented in chapters 4 and 5 were similar for the study population, for the 

population without clinically apparent diabetic microangiopathy (chapter 4) and for the 

healthy subpopulation (chapter 5). In addition, several studies included in our systematic 

review (chapter 3) demonstrated significant associations between microvascular 

dysfunction and incident T2DM in the general population as well as in different ethnic 

groups,
11

 in men and women,
26

 and in obese,
27

 inflammation,
11

 and hypertensive
17

 popula-

tion groups. Hence, the data presented in this thesis can be generalized to a large group of 

individuals.  

INTERNAL VALIDITY 

In observational studies, three sources of error, or bias, may influence the results, i.e., 

selection, information, and confounding bias.
4
 All of these types of bias might have 

influenced the results of the studies in the present thesis, so the impact of these biases 

needs to be discussed.  

SECECTION BIAS 

The potential sources of selection bias we considered for the studies in the present thesis 

were selective drop-out and selective non-response. 

In longitudinal studies (chapter 3), selective drop-out of the unhealthiest 

participants often results in biased associations (i.e., attrition bias). For instance, of the 

initial 3699 participants at baseline in the Rotterdam Study, 947 (26%) did not attend the 
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follow-up.
13

 These participants were on average older, were more likely to be smokers, 

and had higher blood pressures and more plaques in the carotid arteries.
13

 Nevertheless, 

the retinal diameters (as a measure of microvascular function) did not differ for the 

participants not attending the follow-up. We therefore consider the risk of attrition bias in 

this, and the other studies presented in chapter 3, to be low, and if any such bias existed, 

it would result in an underestimation of the associations presented, since these 

characteristics are associated with incident T2DM.  

 In the cross-sectional studies (chapters 4 and 5), the study population was enriched 

with T2DM participants to increase the statistical power for identifying any potential 

contrasts between individuals with and without T2DM.
24

 This might have led to selection 

bias. Nevertheless, the associations presented in chapter 5 did not differ with the diabetes 

status, indicating that the results of the Maastricht Study were probably not affected by 

selection bias. However, selective non-response may have occurred. For instance, 

participants with T2DM in the Maastricht Study were relatively healthy, with a median 

diabetes duration of 7.0 [inter-quartile range: 3.0 – 11.0] years and a low prevalence of 

diabetic complications. Hence, the inclusion of relatively healthy participants with T2DM 

may have led to underestimation of the associations. Indeed, several studies have 

demonstrated that humans with T1DM and T2DM are characterized by decreased skin 

microvascular flow motion patterns in the low-frequency oscillations.
28,29

 Unfortunately, 

we could not confirm a significant association of fasting plasma glucose and other 

metabolic or diagnostic measures of T2DM with skin microvascular flow motion (chapter 

5). The explanation for this discrepancy is not entirely clear, but may be related to the fact 

that the participants with T2DM in our study had a shorter diabetes duration than those in 

the other study (17.1 ± 2.3 years).
29

 Indeed, participants with a T2DM duration ≥10 years 

had a decreased energy contribution of the endothelial component as compared to 

participants with a T2DM <10 years (chapter 5).  

 In conclusion, both selective drop-out and selective non-response would have led to 

underestimation of the associations presented in the studies of this thesis. This may 

explain why we did not find some of the associations found in other studies.
28,29

 

INFORMATION BIAS 

Information bias results from errors in measuring determinants and outcome variables.
4
 

There are two types of information bias, i.e., differential bias (systematic error) and non-

differential bias (random error).
4
 Differential bias results in either over- or 

underestimation of the associations under study if measurements error depends on risk 

factors exposure.
4
 Non-differential bias may result in underestimation of the associations 

under study.
4
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It seems unlikely that differential and non-differential bias have occurred in our 

studies. To avoid differential bias, all investigators in the Maastricht Study were blinded to 

the characteristics of the participants. In addition, the skin capillaroscopy (chapter 4) and 

skin microvascular flow motion (chapter 5) analyses were also performed by investigators 

who were blinded to the participants’ characteristics. To avoid non-differential bias, all 

measurements were performed by trained research assistants, according to standardized 

protocols. In addition, skin capillaroscopy and skin microvascular flow motion have 

reasonable to good reliability, as shown in previous studies.
30-32

 More importantly, we 

developed a semi-automatic image analysis application to analyse skin capillary density, 

which has a better reproducibility than the classic manual counting procedure (chapter 

2.3).  

It is important to note that most studies similar to ours performed microvascular 

measurements under completely standardized conditions: i.e., after a 10h fast, with 

subjects having abstained from drinking alcohol and smoking for a period of 24h, having 

abstained from exercise for a period of 48h, and being measured in the morning to avoid 

diurnal influences on microvascular function.
31-33

 Unfortunately, for logistic reasons (i.e., 

the use of an extensive phenotyping approach in the Maastricht Study
24

), we were not 

able to meet these conditions. To overcome this potential bias, all participants were asked 

to refrain from smoking and caffeine consumption three hours before the microvascular 

measurements. A light meal (breakfast and/or lunch), low in fat content, was allowed 

prior to the start of the microvascular measurements. In addition, we adjusted for the 

time at which the microvascular measurements took place (to adjust for diurnal 

influences) and the time that elapsed between the light meal and the microvascular 

measurements (to adjust for light meal influences). Fortunately, adjustment for these 

diurnal and light meal influences did not substantially change the results (chapters 4 and 

5). Nor did the results change when analyses were restricted to the participants who 

complied with the smoking, caffeine, and meal instructions (77% chapter 4, 86% chapter 

5). 

Finally, the interpretation of the flow motion data (chapter 5) is complicated and 

should therefore be pointed out. This technique, devised and predominantly used by the 

Stefanovska group, involves partitioning the laser Doppler flowmetry (LDF) oscillations 

(0.01 and 1.6 Hz) into five SMF components: 1) endothelial, 0.01–0.02 Hz; 2) neurogenic, 

0.02–0.06 Hz; 3) myogenic, 0.06–0.15 Hz; 4) respiratory, 0.15–0.40 Hz; and 5) heartbeat, 

0.40–1.60 Hz.
34

 Although there is some evidence that the frequencies around 0.01–0.15 

Hz are modulated by the endothelial, sympathetic, and myogenic activity,
35-37

 this 

evidence is mainly based on studies with relatively small patient groups (n < 10). Hence, 

conclusions based on these frequency components should be interpreted with caution. 

Regardless of the question whether the low frequency components are modulated by 

endothelial, sympathetic, or myogenic activity, we demonstrated that total flow motion is 
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positively associated with age and 24-h SBP and negatively with waist circumference 

(chapter 5). Studies like these will contribute to the debate whether flow motion is an 

important component of the microcirculation by ensuring optimal delivery of nutrients 

and oxygen to tissues and regulating local hydraulic resistance under physiological as well 

as pathophysiological conditions.
21

  

CONFOUNDING 

Confounding occurs when the effect of a variable of interest is affected or blurred by that 

of a third variable.
38

 To overcome this bias, we (chapters 4 and 5), and the studies 

included in the systematic review (chapter 3), adjusted for multiple confounders, which 

makes it unlikely that residual confounding has influenced the results. Nevertheless, bias 

due to residual confounding can never be excluded in observational studies.
4
  

An important issue regarding the question whether to adjust for a potential 

confounder is whether the variable is believed to be part of the causal pathway between 

the determinant and outcome under study.
4
 For instance, since microvascular dysfunction 

may link central obesity to insulin resistance, adjustment for measures of central obesity 

(being part of the causal pathway) could result in an underestimation of the actual 

association. Interestingly, the associations of sICAM-1,
26,39

 vWF,
40

 and sE-selectin
26,39

 with 

incident T2DM became weaker after adjustment for body mass index (BMI), waist 

circumference, and/or waist-to-hip ratio (chapter 3).  

In conclusion, since adjustment for BMI, waist circumference, and waist-to-hip 

ratio may represent overadjustment, we conclude that the associations reported in our 

thesis (chapters 3, 4, and 5) may represent underestimations of the true associations.  

CAUSALITY 

Given the cross-sectional design of the Maastricht Study, it is not possible to distinguish 

between cause and effect, and therefore conclusions about cause and effect from the 

studies in chapters 4 and 5 should be drawn with caution. The prospective cohort studies 

included in our meta-analysis (chapter 3) demonstrated that microvascular dysfunction is 

associated with a 10-49% higher incidence of T2DM and an 8-15% higher incidence of IFG. 

These longitudinal results suggest that the exposure continues its effect on the outcome 

throughout the longitudinal follow-up period, which favours causality. Nevertheless, it is 

important to note that the studies included in this meta-analysis are observational and 

that even longitudinal designs cannot prove causality.  
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Regardless of the problem that the studies presented in this thesis cannot prove 

causality, accumulating experimental evidence supports the hypothesis that microvascular 

dysfunction precedes and even predicts the development of T2DM.
1-3

  

  

PUBLIC HEALTH IMPLICATIONS AND FUTURE DIRECTIONS 

T2DM currently affects an estimated 285 million people worldwide, with a further seven 

million people developing T2DM each year.
25

 In addition, the prevalence of obesity is 

increasing worldwide and has reached epidemic proportions in Western society.
41

 As 

adults with obesity have approximately 7 times higher odds of T2DM,
42

 it is important to 

unravel the pathophysiology of obesity-related T2DM. Experimental evidence suggests 

that microvascular dysfunction may be an intermediate step linking central obesity to 

T2DM.
1-3

 In the research project reported on in this thesis, we investigated the 

associations of obesity, T2DM, and other cardiovascular risk factors with microvascular 

dysfunction in a population-based setting.  

The population-based studies discussed in this thesis are important because they 

provide further insight into the pathophysiology of obesity-related T2DM. Indeed, we 

demonstrated that microvascular dysfunction is associated with incident diabetes and 

prediabetes (chapter 3), and thus contributes to the translation to the general population 

of this concept as investigated in experimental studies.
3,43,44

 Hence, from a clinical point of 

view, targeting the microcirculation may lead to decreased risks of developing 

T2DM.
5,6,45,46

 Nevertheless, since we cannot prove any causal associations, more 

longitudinal studies and experimental studies are required to unravel the pathophysiology 

of obesity-related T2DM.  

As regards longitudinal studies, the Maastricht Study is valuable for investigating 

the longitudinal associations between microvascular dysfunction and incident T2DM. The 

Maastricht Study is ongoing, and annual follow-up on morbidity and mortality is in 

progress. The Maastricht Study is also valuable because of its extensive phenotyping 

approach, and in particular the extensive characterization of microvascular function.
24

 This 

allows the concept of microvascular dysfunction in the pathogenesis of obesity-related 

T2DM to be investigated with additional measures of microvascular function (i.e., heat-

induced hyperaemia,
47

 funduscopy,
48

 dynamic vessel analysis,
49

 markers of endothelial 

dysfunction,
50-52

 and microalbuminuria
53

). In addition, other concepts relating to the 

microcirculation in health and disease can be investigated.  

As regards experimental studies, additional experimental studies are needed to 

investigate how microvascular dysfunction is determined and how it leads to T2DM. 

Unravelling this issue may lead to new treatment targets as well as to a better under-
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standing of the reasons why certain existing treatments are associated with decreased risk 

of developing T2DM (i.e., angiotensin converting enzyme [ACE-] inhibitors, angiotensin 

receptor blockers [ARBs], and physical activity). It is important to note that the 

pathogenesis of T2DM is complicated. For instance, the regulation of glucose uptake 

involves: 1) delivery of insulin and glucose to tissues, 2) transport of insulin and glucose 

across the endothelial barrier; i.e., transendothelial transport (TET), and 3) uptake of 

glucose into muscle by translocation of glucose transporter-4 (GLUT-4).
54-56

 Thus, when 

investigating this issue, it must be kept in mind that not only microvascular dysfunction 

but also alterations in TET
56

  and/or GLUT-4 translocation
55

 could account for changes in 

insulin-mediated glucose uptake and thus contribute to insulin resistance and subsequent 

T2DM.  

Besides targeting the microcirculation with drugs, physicians should encourage 

their patients to lose weight loss and adopt a healthy lifestyle in order to prevent obesity 

and obesity-related microvascular dysfunction. For instance, several studies have 

demonstrated improvements of microvascular function after weight loss in morbidly 

obese patient having bariatric surgery.
57,58

 In addition, a recent study in healthy subjects 

demonstrated that a dietary pattern characterized by high intakes of high- and low-fat 

sweets was associated with microvascular dysfunction, while a pattern characterized by 

increased consumption of vegetable oils, poultry, and fish and seafood was associated 

with improved microvascular function.
59

 Moreover, physical activity may prevent obesity-

related microvascular dysfunction and consequent obesity-related T2DM.
60

 Indeed, 

physical activity has been associated with improved microvascular function
61,62

 and, more 

importantly, regular exercise can enhance vascular insulin mechanisms.
63

 Taken together, 

these findings suggest that the prevention of obesity and the implementation of a healthy 

lifestyle may reduce obesity-related microvascular dysfunction and consequent obesity-

related T2DM.  

More studies are thus needed to investigate the pathophysiology of obesity-

related T2DM. Their findings may contribute to a more precise assessment of the risk of 

T2DM and hypertension. In addition, unravelling how microvascular dysfunction is 

determined and how it leads to T2DM may lead to new treatment targets as well as to a 

better understanding of the reason why certain existing treatments are associated with a 

decreased risk of developing T2DM. Importantly, the implementation of a healthy lifestyle 

may reduce obesity-related microvascular dysfunction and consequent obesity-related 

T2DM.  
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SAMENVATTING  

Diabetes mellitus, ofwel suikerziekte, is een veelvoorkomende stofwisselingsziekte die 

gekenmerkt wordt door hyperglykemie (verhoogde bloedsuikerspiegels) als gevolg van 

gebreken in de productie en/of de werking van insuline. Op dit moment lijden wereldwijd 

ongeveer 346 miljoen mensen aan diabetes en naar verwachting zal dit aantal toenemen 

naar 552 miljoen in 2030. In Nederland is er ook een stijging van het aantal mensen met 

diabetes te verwachten, van ongeveer 740.000 in 2007 naar 1,3 miljoen in 2025. De 

meeste mensen (ongeveer 90%) met diabetes hebben diabetes type 2, waarbij weefsels 

minder gevoelig worden voor de metabole effecten van insuline, ofwel insulineresistentie. 

Obesitas wordt beschouwd als één van de belangrijkste risicofactoren voor het ontstaan 

van diabetes type 2. Het is echter niet helemaal duidelijk hoe obesitas diabetes type 2 

veroorzaakt. In dit proefschrift veronderstellen we dat een verminderde werking van de 

kleine bloedvaten (de microcirculatie) een belangrijke rol speelt in het ontstaan van 

diabetes type 2. 

 De microcirculatie bestaat uit alle vaten kleiner dan 150 µm, dit zijn de arteriolen 

(kleine slagaders), capillairen (haarvaten) en venulen (kleine aders). De microcirculatie 

speelt een onmisbare rol in het transport en de afgifte van zuurstof, hormonen en 

nutriënten naar de weefsels. Het hormoon insuline, dat de opname van glucose in de 

weefsels stimuleert, speelt hierbij een belangrijke rol. Insuline zorgt namelijk voor 

vaatverwijding, dat resulteert in een verwijdend effect op de precapillaire arteriolen, met 

een toename van het aantal doorbloede capillairen (m.a.w. capillaire rekrutering) en een 

toename van de totale spierdoorbloeding. Hierdoor wordt het transport en de afgifte van 

zuurstof, hormonen en nutriënten naar de weefsels makkelijker gemaakt. Studies hebben 

aangetoond dat de insulineafhankelijke verwijding van de weerstandsvaten nauw verband 

houdt met de perifere weerstand terwijl capillaire rekrutering belangrijk is voor de 

aanvoer van insuline en glucose en daarmee de opname van glucose in spierweefsel. 

Verder zijn er aanwijzingen dat patiënten met obesitas gekenmerkt worden door een 

afgenomen insulineafhankelijke microvasculaire doorbloeding en verminderde 

glucoseopname in spierweefsel. Dit alles heeft geleid tot de hypothese dat een 

verminderde werking van de microcirculatie (ofwel microvasculaire disfunctie) een 

belangrijke rol speelt in het ontstaan van diabetes type 2.  

 Bovenstaand bewijs is voornamelijk gebaseerd op kleine studies met sterk 

geselecteerde patiëntengroepen. Het blijft daarom onduidelijk hoe deze bevindingen zich 

verhouden in de doorsnee bevolking. Met de in dit proefschrift beschreven onderzoeken 

hebben wij getracht om meer inzicht te krijgen in de rol van de microcirculatie in diabetes 

type 2 en in personen met een verstoorde glucosehuishouding in de doorsnee bevolking. 
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Hiervoor hebben we gebruik gemaakt van verschillende epidemiologische studies, 

waarvan de Maastricht Studie de belangrijkste epidemiologische studie is. Hoofdstuk 2 

geeft een beschrijving van de populatie van de Maastricht Studie en geeft een beschrijving 

van de verschillende technieken die in dit proefschrift gebruikt zijn voor het meten van de 

microvasculaire functie. Het meten van de microvasculaire functie is een moeilijke en 

tijdrovende procedure, in het bijzonder de metingen van de capillaire dichtheid en 

rekrutering in de huid. Als gevolg hiervan wordt deze techniek vooral gebruikt in relatief 

kleine experimentele studies. Voor het gebruik van deze techniek in de Maastricht Studie 

hebben we daarom eerst een semiautomatisch programma ontwikkeld voor de 

ondersteuning van de bepalingen van de capillaire dichtheid en rekrutering in de huid. 

Mede door dit programma kan deze techniek eenvoudiger worden ingezet in grotere 

epidemiologische studies. Het nieuw ontwikkelde programma wordt beschreven in 

hoofdstuk 2.3.  

Ondanks het feit dat het bewijs voor de rol van microvasculaire disfunctie in het 

ontstaan van diabetes type 2 vooral gebaseerd is op kleine studies, wordt deze hypothese 

steeds meer onderzocht in grote epidemiologische studies. In deze studies wordt gekeken 

of het hebben van microvasculaire disfunctie aan de start van de studie, gemeten met 

relatief makkelijke maten zoals plasmamarkers van endotheeldisfunctie, diameters van de 

microcirculatie in het oog en microalbuminurie, een verhoogde kans geeft op het ontstaan 

van diabetes type 2 na een bepaalde tijd. Om meer inzicht te krijgen in de rol van 

microvasculaire disfunctie in het ontstaan van diabetes type 2 in de doorsnee bevolking, 

hebben we in de literatuur gezocht naar alle epidemiologische studies die deze hypothese 

hebben onderzocht. In hoofdstuk 3 worden deze studies (in totaal 23) samengevoegd 

zodat een totaalbeeld gekregen wordt van de resultaten. In deze zogenaamde meta-

analyse bleek dat microvasculaire disfunctie geassocieerd is met een 10 tot 49% hogere 

incidentie van diabetes type 2 en met een 8 tot 15% hogere incidentie op een 

voorstadium van diabetes type 2 (pre-diabetes). Deze studies bevestigen een belangrijke 

rol voor een verminderde werking van de microcirculatie in het ontstaan van diabetes 

type 2. 

In hoofdstuk 4 is onderzocht of microvasculaire disfunctie aanwezig is in 

deelnemers met diabetes type 2. Om deze hypothese te toetsen is gebruik gemaakt van 

de capillaire dichtheid (als maat voor microvasculaire structuur) en capillaire rekrutering 

(als maat voor microvasculaire functie) in de huid van de deelnemers van de Maastricht 

Studie. De deelnemers met diabetes type 2 bleken een verminderde capillaire dichtheid 

en rekrutering te hebben ten opzichte van deelnemers zonder diabetes type 2. Verder 

bleek een verstoorde glucose huishouding geassocieerd te zijn met een verminderde 

capillaire dichtheid en rekrutering. Wanneer de deelnemers met diabetes type 2 en 

microvasculaire complicaties (nefropathie [nieraandoening] en neuropathie 

[zenuwschade]) uit de analyses werden gehaald, bleven de resultaten hetzelfde. Hieruit 
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blijkt dat diabetes type 2 en een gestoorde glucosehuishouding geassocieerd zijn met een 

verminderde capillaire dichtheid en rekrutering, zelfs als er geen sprake is van zichtbaar 

aanwezige diabetische complicaties.  

Een belangrijke component van de microcirculatie is de microvasculaire 

vasomotie, ofwel de ritmische veranderingen van de pre-capillaire arteriolaire diameter. 

Microvasculaire vasomotie reguleert door deze ritmische veranderingen in diameter de 

bloedstroming naar weefsels. Verder hebben vaatjes met een veranderende diameter een 

lagere vasculaire weerstand dan vaatjes met een statische diameter. Samengevat wordt 

aangenomen dat microvasculaire vasomotie een belangrijke component is van de 

microcirculatie, dat zorgt voor een optimale distributie van voedingsstoffen en zuurstof 

naar de weefsels (middels de regulatie van de bloedstroming) en voor een optimale 

regulatie van de lokale weerstand. De ritmische veranderingen in de pre-capillaire 

arteriolaire diameter veroorzaken een periodieke fluctuatie van de bloedstroom, beter 

bekend als microvasculaire flowmotie. Microvasculaire flowmotie kan gemeten worden in 

de huid via laser-Dopplerflowmetingen. In hoofdstuk 5 is onderzocht of cardiovasculaire 

risicofactoren, te weten leeftijd, buikomtrek, de ratio van totaal en HDL cholesterol en 

roken, geassocieerd zijn met microvasculaire flowmotie. Leeftijd en 24-uurs systole 

bloeddruk waren positief geassocieerd met microvasculaire flowmotie, terwijl buikomtrek 

negatief geassocieerd was met microvasculaire flowmotie in de totale populatie van de 

Maastricht Studie. Wanneer de analyses herhaald werden in de meest gezonde 

deelnemers van de Maastricht Studie (zonder diabetes type 2 en pre-diabetes, hoge 

bloeddruk, overgewicht of obesitas en medicatiegebruik), bleven de resultaten hetzelfde. 

Hoewel de exacte onderliggende mechanismen van deze bevindingen niet bekend zijn, 

kan de hypothese worden gesteld dat microvasculaire flowmotie een belangrijke 

component is van de microcirculatie, die zorgt voor een optimale distributie van 

voedingsstoffen en zuurstof naar de weefsels (middels de regulatie van de bloedstroming) 

en voor een optimale regulatie van de lokale weerstand onder fysiologische 

omstandigheden, maar ook onder pathofysiologische omstandigheden wanneer de 

microvasculaire perfusie verminderd is, zoals gebeurt met een toenemende leeftijd of een 

hoge bloeddruk. Overgewicht of obesitas heeft negatieve effecten op deze component 

van de microcirculatie. 

Kort samengevat bestaat in de doorsnee bevolking een belangrijk verband tussen 

microvasculaire disfunctie en diabetes type 2 en een gestoorde glucosehuishouding. 

Tevens is er bewijs voor een temporaal verband tussen microvasculaire disfunctie en de 

ontwikkeling van incidente diabetes type 2. Dit suggereert een vicieuze cirkel (Figuur 6.1; 

pagina 128) van progressieve microvasculaire disfunctie, waarschijnlijk veroorzaakt door 

obesitas, dat bijdraagt aan de ontwikkeling van diabetes type 2 (hoofdstuk 3). Het hebben 

van diabetes type 2 resulteert uiteindelijk in een verdere verslechtering van de 

microvasculaire functie (hoofdstuk 4) en uiteindelijk het ontstaan van microvasculaire 
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complicaties. Verder kan worden gesteld dat microvasculaire flowmotie een belangrijke 

component is van de microcirculatie, die zorgt voor een optimale distributie van 

voedingsstoffen en zuurstof naar de weefsels en voor een optimale regulatie van de lokale 

weerstand onder fysiologische en pathofysiologische omstandigheden. Overgewicht of 

obesitas heeft negatieve effecten op deze component van de microcirculatie wat eindelijk 

weer bijdraagt aan een verslechterde microvasculaire functie en dus diabetes type 2 

(hoofdstuk 5). 

Er moet echter worden benadrukt dat we geen causaal verband hebben kunnen 

aantonen met de studies beschreven in dit proefschrift. Om een beter inzicht te krijgen in 

dit mogelijke causale verband zijn meer experimentele studies nodig. Het is belangrijk dat 

deze studies andere determinanten voor de opname van glucose in acht nemen, zoals het 

transport van insuline door het endotheel (van plasma naar interstitium) en de opname 

van glucose in de spiercel door de translocatie van de glucosetransporter GLUT-4. Verder 

is de Maastricht Studie, met een intensieve fenotypering van de microcirculatie van de 

deelnemers, een uitgelezen kans om de rol van de microcirculatie in het ontstaan van 

diabetes type 2 te ontrafelen.  

 Kijkend naar verschillende onderzoeken in de literatuur en de studies beschreven in 

dit proefschrift stel ik dat verbeteringen van de microvasculaire functie mogelijk een 

belangrijk therapeutisch doel kunnen vormen ter voorkoming van het ontstaan van 

diabetes type 2. Buiten deze therapeutische behandelingen moet in het achterhoofd 

gehouden worden dat een gezonde leefstijl altijd aangemoedigd moet worden bij de 

bevolking om obesitas en subsequente obesitas gerelateerde microvasculaire disfunctie 

en diabetes type 2 te voorkomen. Verschillende onderzoeken hebben aangetoond dat 

verbeteringen van de leefstijl (afvallen, verbeteringen van voedingspatronen en meer 

fysieke activiteit) geassocieerd zijn met een verbeterde microvasculaire functie, dat 

mogelijk zorgt voor een verminderde kans op het ontstaan van diabetes type 2.  
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VALORISATION ADDENDUM 

Type 2 diabetes mellitus (T2DM) currently affects an estimated 285 million people 

worldwide, with a further seven million people developing T2DM each year.
1
 In addition, 

the prevalence of obesity is increasing worldwide and has reached epidemic proportions 

in Western society.
2
 As adults with obesity have an approximately 7-fold increased risk of 

T2DM,
3
 it is important to unravel the pathophysiology of obesity-related T2DM. 

Experimental evidence suggests that microvascular dysfunction may be an intermediate 

step linking central obesity to T2DM.
4-6

 In the research project reported on in this thesis, 

we investigated the associations of obesity, T2DM, and other cardiovascular risk factors 

with microvascular dysfunction in a population-based setting. The population-based 

studies discussed in this thesis are important because they provide further insight into the 

pathophysiology of obesity-related T2DM. We demonstrated that microvascular 

dysfunction is associated with diabetes and prediabetes, and thus contributes to the 

translation to the general population of this concept as investigated in experimental 

studies. Our findings do indeed suggest a role for the microcirculation in the pathogenesis 

of T2DM. Hence, from a clinical point of view, targeting the microcirculation may reduce 

the risk of developing T2DM. In addition, unravelling how microvascular dysfunction is 

determined and how it leads to T2DM may lead to new treatment targets as well as to a 

better understanding of the reason why certain existing treatments are associated with a 

decreased risk of developing T2DM. Importantly, unravelling this concept may reduce 

health care costs in the near future (through a lower prevalence of T2DM and its 

complications). 

Although this thesis underlines the importance of microvascular dysfunction in 

the pathogenesis of T2DM, we cannot prove any causal relationship. More studies are 

therefore required to unravel the pathophysiology of obesity-related T2DM. 

Unfortunately, the assessment of microvascular function in specific vascular beds is 

technically demanding and time-consuming. Therefore, we developed a semi-automatic 

image analysis application (CapiAna) for the assessment of skin capillary density, which 

agrees well with the classic manual counting procedure, saves time, and has a better 

reproducibility than the classic procedure. Since CapiAna saves time, thus eventually 

reducing research costs, the use of skin capillaroscopy has become feasible in large-scale 

studies. Hence, this semi-automatic image analysis application considerably extends the 

possibilities of performing microcirculation research in humans. In addition, making this 

new software freely available on the Internet may consolidate Maastricht University’s 

reputation as an innovative university. This may then help to attract new Dutch and 

international students, thus further improving the university’s reputation. 

It is important to note that this thesis is based on the first dataset of the 

Maastricht Study (an observational prospective population-based cohort study), and thus 
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opens avenues for potential new research in the context of the Maastricht Study. More 

precisely, the Maastricht Study is valuable for investigating the longitudinal associations 

between microvascular dysfunction and incident T2DM. The Maastricht Study is ongoing 

and annual follow-up on morbidity and mortality is in progress. The study is also valuable 

because of its extensive phenotyping approach, and in particular the extensive 

characterization of microvascular function.
7
 This allows the role of microvascular 

dysfunction in the pathogenesis of obesity-related T2DM to be investigated with 

additional measures of microvascular function (i.e., heat-induced hyperaemia,
8
 

funduscopy,
9
 dynamic vessel analysis,

10
 markers of endothelial dysfunction,

11-13
 and 

microalbuminuria
14

). As a consequence, the Maastricht Study will generate new jobs in the 

Southern part of Limburg. In addition, it creates new opportunities for collaboration with 

large-scale studies at other Dutch and international universities. This, in turn, may 

improve the international reputation of Maastricht University. 

Besides targeting the microcirculation with drugs, physicians should encourage 

their patients to lose weight and adopt a healthy lifestyle in order to prevent obesity and 

obesity-related microvascular dysfunction. For instance, several studies have 

demonstrated improvements of microvascular function after weight loss in morbidly 

obese patient having bariatric surgery.
15,16

 In addition, a recent study in healthy subjects 

demonstrated that a dietary pattern characterized by high intakes of high- and low-fat 

sweets was associated with microvascular dysfunction, while a pattern characterized by 

increased consumption of vegetable oils, poultry, and fish and seafood was associated 

with improved microvascular function.
17

 Physical activity may also prevent obesity-related 

microvascular dysfunction and T2DM.
18

 Indeed, physical activity has been associated with 

improved microvascular function
19,20

 and, more importantly, regular exercise can enhance 

the vascular insulin mechanisms.
21

 Taken together, these findings suggest that the 

prevention of obesity and the implementation of a healthy lifestyle may reduce obesity-

related microvascular dysfunction and consequent obesity-related T2DM. Besides an 

important role for physicians, population-based strategies should be introduced to 

effectively promote lifestyle change, such as media and educational campaigns; product 

labelling and consumer information; taxation, subsidies, and other economic incentives.
22

  

More studies are thus needed to investigate the pathophysiology of obesity-

related T2DM. Their findings may contribute to a more precise assessment of risk of this 

disorder. In addition, unravelling how microvascular dysfunction is determined and how it 

leads to T2DM may lead to new treatment targets as well as to a better understanding of 

the reason why certain existing treatments are associated with a decreased risk of 

developing T2DM. Importantly, the implementation of a healthy lifestyle may reduce 

obesity-related microvascular dysfunction and consequent obesity-related T2DM.  
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welke snelheid en precisie je mijn manuscripten in de afgelopen jaren hebt nagekeken. Als 

ik het niet meer zag zitten, of zelfs ‘clueless’ was, bleef jij onverstoord doorgaan. Naast het 
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Nieuwenhuijzen Kruseman, prof. dr. A.J. Smit, dr. L. Engelen en dr. E.H. Serné wil ik graag 

bedanken voor het lezen en beoordelen van mijn proefschrift. 

 

Tijdens mijn promotie ben ik werkzaam geweest bij de Maastricht Studie en bij de 

vakgroep Interne Geneeskunde.  

 De Maastricht Studie, uiteindelijk zal ik spreken van een haat-liefde verhouding met 

deze studie. Zonder de Maastricht Studie was dit proefschrift er nooit geweest, maar wat 

heb ik moeite gehad met de eindeloze, lange meetdagen. Gelukkig vormden we met de 

eerste medewerkers, Marcelle, José, Joséphine en Jos en later Thomas, Peggy, Fleur en 
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Yvette, een sterk blok dat voor elkaar stond en elkaar hielp. Later werd het allemaal een 

stuk makkelijker, waarschijnlijk door de komst van nieuwe collega’s: Stefan, Karin, 

Chantalle, Pauline, Julianne, Remy, Frank, Ben en Marnix. Iedereen succes met het 

afronden van de promotie, vooral Marcelle, want zonder Marcelle was de logistiek 

rondom de dataset en metingen van de Maastricht Studie nooit zo goed geregeld 

geweest. 

 Interne Geneeskunde, hier moest uiteindelijk het ‘echte promoveren’ plaatsvinden. 

Het begon allemaal in het lab met veel lezen over de microcirculatie. Gelukkig werd dit 

afgewisseld met het bekijken van de filmpjes van New Kids met Marjo. Hierna kreeg ik een 

plek in de kamer van Jean en Barry. De discussies met flink veel humor waren een perfecte 

afwisseling op de urenlange vasomotie analyses. Ook wil ik de andere collega’s van Interne 

Geneeskunde – Lian (nogmaals dank voor het nakijken van het proefschrift!), Katrien, Olaf, 

Kristiaan, Nordin, Nick, Petra, Vicky, Casper, Margee, Marleen, Teba, Roel, Johanna, 

Marcelle, Elisabeth, Bas, Stijn, Yvo en Dionne – bedanken voor de leuke tijd op de afdeling, 

de goede samenwerking, de uitstapjes, de cursussen en de congressen! 

 Een speciaal woordje voor Jean, Nordin en Olaf. De filmavonden en uitstapjes waren 

geweldig. Olaf, hoewel we aan het eind niet de ‘zonnetjes in huis’ waren, denk ik toch dat 

de vele treinreizen uiteindelijk goed voor ons zijn geweest. Jean, de afwisseling van hard 

werken – echt niets is te veel gevraagd – en humor zijn bewonderenswaardig. Ik hoop dat 

mij dit ook ooit zal lukken! Nordin, ik heb grote bewondering voor je interesse in alles en 

je eeuwige optimisme. Bedankt mannen, ik heb veel van jullie geleerd! 

 

Dan het tellen van capillairen van de 866 proefpersonen op het veel te kleine kamertje van 

Boy. Omgerekend heeft dit ongeveer 25.980 minuten gekost. Geestdodend of niet, we 

hebben het voor elkaar gekregen. Ik zeg ‘we’ omdat het zonder Ümit nooit was gelukt. 

Ümit, dank voor je geweldige doorzettingsvermogen. Ook ben ik dank verschuldigd aan 

Ed, want deze opgave was natuurlijk nooit gelukt zonder het semi-automatische 

telprogramma. 

  

Ik wil mijn nieuwe collega’s in het Catharina Ziekenhuis, Hanneke B., Marja, Dorlie, Leonie, 

Pieter, Mirjam, Schelte, Daniela, Hanneke P., Karin, Elles, Manon en Marjolein, bedanken 

voor de nieuwe uitdaging die ze me hebben aangeboden. Ik heb de afgelopen maanden 

erg veel mogen bijleren en ik zit goed op mijn plek!  

 

Het leven bestaat (gelukkig) niet alleen maar uit werken. Er zijn tal van bijzondere mensen 

waarop ik iedere dag weer kan vertrouwen en terugvallen.  

 Ten eerste Rob, Michelle, Jason, Wendy, Kevin, Dennis, Jeroen, Marianne, Ronald en 

Suzanne. Ook al hebben jullie niet direct een bijdrage geleverd aan dit proefschrift, zonder 

de gezellige avonden was het nooit gelukt om dit voor elkaar te krijgen.  
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 Een speciaal woord voor de paranimfen Jason en Rob. Jason, ik denk dat niet veel 

mensen hun schoonbroer kunnen beschouwen als een vriend. Dat geluk heb ik wel! 

Bedankt voor alle hulp met het proefschrift en de kaft. Rob, al eeuwen vrienden, althans 

zo voelt het. We hebben genoeg leuke en minder leuke dingen met elkaar mogen 

meemaken. Onze grote droom, veel reizen, staat wat mij betreft als een huis. Ik zal er dan 

ook alles aan doen om deze droom uit te laten komen! 

 

Lieve zus, ondanks het feit dat onze levens totaal niet op elkaar lijken, kijk ik altijd erg uit 

naar de ‘vrijdagmiddaglunch’ bij pap en mam. Waarschijnlijk lijken we toch meer op elkaar 

dan we op dit moment denken. Ik hoop dat we er de komende jaren alles aan doen om 

deze overeenkomsten te vinden. 

 

Lieve pap en mam. Natuurlijk klopt het dat ik hier nooit had kunnen staan zonder jullie. 

Maar veel belangrijker vind ik de onvoorwaardelijke steun en liefde die jullie me al mijn 

hele leven geven. Bedankt voor alle mogelijkheden die jullie me hebben geboden, maar 

ook voor alle geduld, levenslessen, warmte, advies, uitstapjes, vakanties en etentjes. Jullie 

zijn en blijven mijn allergrootste voorbeeld! 

 

Allerliefste Debbie. Uiteindelijk begrijpt iedereen dat deze 158 pagina’s waardeloos zijn 

zonder datgene waar het echt om draait in het leven, liefde en vriendschap. Ik ben de 

gelukkigste man op aarde dat jij degene bent die deze twee belangrijke zaken invult in 

mijn leven. Ik vind het heerlijk om ’s avonds samen met jou op de bank te ploffen, ik vind 

het heerlijk om urenlang met je te eten en te discussiëren over de toekomst, ik vind het 

heerlijk om met je te reizen, ……… ik hou van je!  
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