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INTRODUCTION 

Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders, with a 
reported prevalence of 5-10% in premenopausal women(1). PCOS is characterized by having 
two of the following three criteria: hyperandrogenism (clinical or biochemical, or both), chronic 
anovulation (i.e. oligo- or amenorrhea) and polycystic ovaries, with exclusion of other causes 
that mimic the features of PCOS(2). Conditions which are known to cause or mimic PCOS are 
adrenal hyperplasia, Cushing’s syndrome, hyperprolactinaemia and androgen secreting tumors. 
Although common associated clinical features such as insulin resistance, diabetes and obesity are 
frequently present, they are not included in the definition of PCOS (see also Box 1)(3).

Box 1 Clinical features of the Polycystic Ovary Syndrome

Diagnostic criteria of polycystic ovary syndrome (PCOS)
Diagnosis is based on the presence of at least two of the three following criteria and 

exclusion of other possible etiologies which are known to cause or mimic PCOS. 

 

Criteria of PCOS*
•	 	Hyperandrogenism	(hirsutism	and/or	acne	(i.e.	clinical)	and/or	elevated	androgens	

(i.e. biochemical)

•	 Oligo-	or	amenorrhea	

•	 Polycystic	ovaries	on	the	ultrasound

Common associated clinical features
•	 Type	2	diabetes

•	 Cardiovascular	disease

•	 Insulin	resistance

•	 (Central)	obesity

•	 Hypertension														The	metabolic	syndrome

•	 Dyslipidemia																

                                           * according to ESHRE/ASRM Rotterdam ’03

In the next two paragraphs the common associated clinical features of PCOS listed in box 1 will 
be discussed.

Type 2 diabetes and cardiovascular disease
Women with PCOS have an increased risk of developing type 2 diabetes. In 1999 two studies 
reported a three times increased prevalence of impaired glucose intolerance and a 5-to6-fold 
increased prevalence of type 2 diabetes in women with PCOS(4; 5). In addition to a higher preva-
lence of type 2 diabetes, cardiovascular disease was also suggested to be more common in PCOS 
women(6).

}
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Indeed, a large scale epidemiologic study of cardiovascular risk factors in PCOS found dyslipi-
demia mainly in PCOS less than 45 years old and carotid changes in PCOS women older than 45 
years old as compared to controls. These data might indicate that in PCOS women lipid distur-
bances developed early in life translate into preclinical atherosclerosis later in life(7; 8). In addition, 
a study which used a risk factor model using independent risk factors for myocardial infarction 
demonstrated that women with PCOS had a significantly increased risk of myocardial infarction 
(relative risk, 7.4) compared with controls(6). Despite the evidence of increased cardiovascular 
risk in PCOS, data on mortality endpoints of cardiovascular diseases have yet to be reported(9; 10).
For example, Pierpoint et al. showed, among a large sample of PCOS women in a long-term 
historical prospective study, that they do not have markedly higher than average mortality from 
circulatory disease(9). However, interpretation of these data is complicated because PCOS was 
diagnosed mainly on the basis of hospital records related to wedge resection. Wedge resection 
can correct the anovulation and metabolic changes of PCOS for a long time and this might 
therefore underestimate the risk of adverse outcomes found in this study.

In conclusion, these data suggest that PCOS is associated with cardiovascular disease risk 
factors. However, all of these abnormalities are also common in obese subjects. Whether or not 
PCOS per se is a risk factor independently of obesity is controversial. In the present thesis, we 
aimed to investigate, with an appropriate study design, the independent contribution of PCOS 
and obesity with regard to some cardiovascular risk factors (i.e. insulin resistance and vascular 
(dys)function). 

Metabolic syndrome
The metabolic syndrome refers to a clustering of cardiovascular risk factors, i.e. hyperglycemia, 
(central) obesity, hypertension and dyslipidaemia (low serum HDL-cholesterol levels and high 
serum triglycerides levels)(11). The metabolic syndrome is recognized as a major risk for car-
diovascular diseases. Since the recognition that many women with PCOS show abnormalities 
similar to the metabolic syndrome, it is assumed that these women might also be at the same 
increased risk for cardiovascular diseases. However, whether PCOS itself constitutes a risk factor 
independently of the other above stated cardiovascular risk factors is not clear. In the present 
thesis we were interested in the role of insulin resistance in the presence and absence of obesity 
in women with PCOS. 

Metabolic Insulin resistance
Insulin stimulates the uptake and use of glucose in muscle and fat tissue. Metabolic insulin 
resistance develops when there is a decreased tissue sensitivity to the action of insulin, and there-
fore decreased insulin-mediated glucose uptake takes place. As a consequence, hyperinsulinemia 
occurs as a compensation mechanism to restore sufficient glucose uptake. Over time, beta cell 
dysfunction develops in some individuals leading to inadequate secretion of insulin, resulting in 
beta cell exhaustion and the development of type 2 diabetes. 

Women with PCOS seem to have a level of peripheral metabolic insulin resistance (mostly 
at the site of skeletal muscle) that is much like that of women with type 2 diabetes, which is 
characterized by a 35-40% decrease in insulin-mediated glucose uptake(12). However, the current 
understanding of metabolic insulin resistance in PCOS is characterized by selective tissue insulin 
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sensitivity, in which some tissues seem highly resistant (i.e. skeletal muscle) and others sensitive 
(i.e. adrenals and ovary)(13).

Data suggest that this selective tissue insulin sensitivity in PCOS is directed primarily, but not 
exclusively, at the level of the ovary(14; 15). As a result, hyperandrogenism and gonadotropin abnor-
malities occur resulting in anovulation through several mechanisms. These include: 1) reduced 
circulating sex-hormone-binding- globulins (SHBG) production in the liver, thereby increasing 
the bioavailability of testosterone , 2) stimulated adrenal and ovarian androgen biosynthesis, 
and 3) possibly through direct hypothalamic-pituitary effects, an altered pattern of circulating 
gonadotropins in favor of a luteinizing hormone predominance(16). Whether the compensatory 
hyperinsulinemia with as a consequence ovarian dysfunction is etiologic is unclear. In approxi-
mately 50% of women with PCOS no insulin resistance is found(17). Possible explanations are 
that several confounding factors and the use of different techniques to measure metabolic insulin 
resistance make the interpretation of the current data difficult (see appendix for more detail of 
the different measurement techniques of insulin resistance).  

In addition, studies that did not confirm metabolic insulin resistance in PCOS were per-
formed mostly in lean women(18-25). Importantly, Holte et al. published a study in which they 
examined metabolic insulin resistance, using the euglycemic hyperinsulinemic clamp technique, 
in women with PCOS and controls. They found that differences between the two groups in me- 
tabolic insulin resistance was largely determined by the amount of central body fat(21). Moreover, 
in a subsequent study the same authors demonstrated no differences in metabolic insulin resis-
tance after (central) fat mass reduction in PCOS as compared with BMI-matched controls(26).

These data reflect the complexity of the mechanisms of metabolic insulin resistance in 
PCOS. In the present thesis we were interested in whether women with PCOS in the pre - 
sence and absence of obesity are insulin resistant. Considering the important role that metabolic 
insulin resistance plays in PCOS, we found it useful to determine metabolic insulin resistance 
adequately in these women and therefore used the gold standard technique, i.e. the isoglycemic 
hyperinsulinemic clamp.

(Central) obesity
Obesity is common in PCOS and affects 30-70% of women depending on the setting of the 
study and the ethnic background of the subjects. For example, in the USA 80% of the women 
with PCOS are overweight or have obesity(27) whereas approximately 33% of PCOS-women in 
Europe have increased body fat (i.e. obesity)(28). The pathogenetic importance of obesity in the 
development of PCOS is stressed by the results of a prospective study which demonstrated that 
abdominal obesity and weight gain after adolescence were predictive for the development of 
PCOS(29). 

Obesity could aggravate all of the clinical manifestations of PCOS, such as hirsutism and 
hyperandrogenism(30). Especially, an increase of central distribution of fat, i.e. increased waist 
circumference, is more common in PCOS. Central fat distribution is associated with several 
disorders such as type 2 diabetes, hypertension and dyslipidemia(31). More importantly, (central) 
obesity is closely related to metabolic insulin resistance and both play an important role in the 
development of clinical manifestations of PCOS. Therefore, in the present thesis we investigated 
whether the presence of obesity together with PCOS aggravates metabolic insulin resistance as 
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compared to obese controls. Furthermore, if obesity is absent, it is important to know if meta-
bolic insulin resistance is still present in PCOS.  

Potential mechanisms responsible for long term health complications in PCOS
As stated above, we can conclude that PCOS is not only a gynaecological condition affecting 
women of reproductive age, but a comprehensive syndrome with a variety of associated meta-
bolic and hemodynamic disorders (i.e. insulin resistance, hyperinsulinemia, hypertension and 
dyslipidemia). Although it is recognized that these metabolic and hemodynamic disorders are 
closely related to the development of type 2 diabetes and cardiovascular diseases, the precise 
mechanism for this is unknown. In the present thesis, the concept of microvascular dysfunction, 
which has so far not been studied in PCOS in vivo, as a potential underlying mechanism respon-
sible for metabolic disorders was investigated. 

Microcirculatory function  
We hypothesized that microvascular perfusion may determine the availability of insulin and 
glucose to muscle and modulate peripheral vascular resistance. 

Recently, it has become clear that vascular tissue, particularly the endothelial cell, is an impor-
tant physiological target for insulin and a significant regulator of blood pressure and overall 
insulin-stimulated glucose uptake(32; 33). Microvascular endothelial cells responds to insulin by 
increasing the phosphorylation of endothelial nitric oxide synthase (eNOS) via a PI-3 kinase 
pathway, and this increases Ca2+-independent nitric oxide synthase activity leading to vasodila-
tion(34;35). Interestingly, insulin also activates the mitogen-activated protein kinase pathway in 
endothelial cells, which enhances the generation of the vasoconstrictor endothelin-1(34). This can 
lead to insulin-stimulated vasoconstriction or impaired vasodilation if signaling from the insulin 
receptor to eNOS is inhibited pharmacologically or down regulated by insulin resistance seen in 
obesity(33; 36; 37). In this manner, endothelial insulin resistance may contribute to the development 
of hypertension and account in part for the epidemiological relationship between hypertension 
and insulin resistance(33; 34). In addition, insulin promotes its own access to muscle interstitium 
by increasing blood flow and by recruiting capillaries to expand the endothelial transporting 
surface available for nutrient exchange. Using capillary microscopy, we have reported that, in 
healthy individuals, systemic hyperinsulinemia increases the number of perfused capillaries(38). 
Blunted capillary recruitment is associated with metabolic insulin resistance seen in obesity(39), 
elevated plasma FFA concentrations(40) and the metabolic syndrome(33). These observations are 
particularly interesting as they suggest that altered microvascular responses may be an early dys-
function in individuals at risk of diabetes. 

Impairment of these microvasodilatory effects of insulin are referred to as microvascular 
insulin resistance. Microvascular insulin resistance may contribute 1) to hypertension by rai-
sing peripheral vascular resistance(41); 2) to insulin resistance and diabetes by limiting the timely 
access of glucose and insulin to muscle cells; and 3) to cardiovascular diseases that are in part 
caused by microangiopathy, such as heart failure and nephropathy(42; 43)(see also Figure 1). There 
is some evidence of a functional defect of insulin’s vascular actions in human arterioles in women 
with PCOS(44). This study showed that insulin reduced the contractile response to norepine-
phrine in control subjects but, in contrast, there was no effect of insulin in the PCOS group. 
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However, this study only measured insulin-mediated effects on ex vivo arterioles. Furthermore, 
only obese PCOS women and BMI-matched controls were included in the study.

Taken together, a further aim of the present thesis was to investigate whether or not microvas-
cular dysfunction was associated with metabolic insulin resistance in the presence of absence of 
obesity in women with PCOS (see appendix for techniques used in present thesis for measuring 
microcirculatory function).

Arterial stiffness 
Besides microcirculatory function in PCOS we were interested in the function of the macrocir-
culation since arterial stiffness is, next to atherosclerosis, a main cause of cardiovascular disease(45). 
The term arterial stiffening refers to an impairment in the cushioning function of arteries, i.e. 
a diminished ability to convert the pulsatile blood flow from the heart into a steady and con-
tinuous stream throughout the arterial tree. The arterial tree is divided in two compartments: a 
(proximal) elastic and a (distal) muscular arterial part(46).Due to its specific characteristics, the 
proximal compartment (aorta and its main branches) is characterized by low stiffness and high 
susceptibility to ageing and changes in blood pressure whereas the distal compartment is cha-
racterized by higher stiffness and sensitivity to vasoactive substances such as nitric oxide(46; 47). 
 Greater arterial stiffness may lead to increased systolic blood pressure, left ventricular hyper-
trophy and impaired coronary perfusion, and thus increase the risk of stroke, heart failure, and 
myocardial infarction(48-51). Obesity, in turn, is associated with insulin resistance, hypertension 
and greater arterial stiffness(52-54), and these are thought to be important pathways through which 
obesity increases the risk of cardiovascular disease. 

PCOS has been suggested to be associated with arterial stiffening(44; 55). However, these stu-
dies have not distinguished effects of obesity from those of PCOS(44; 55), and have not taken into 
account the fact that stiffness of elastic (eg, the carotid) and muscular (eg, the femoral) arteries 
may differ in their association with PCOS(55). 

In summary, arterial stiffness is one of the main causes of the development cardiovascular 
disease. Although there is some evidence that PCOS is associated with arterial stiffness, it is not 
known what the influence of (central) obesity is and whether elastic or muscular arteries are dif-
ferentially affected in PCOS.

Outline of the thesis 
The general purpose of the present thesis was to investigate whether PCOS in the presence or 
absence of obesity is associated with micro-, macrovascular dysfunction. Furthermore, if vascular 
dysfunction is present in PCOS might this explain (in part) metabolic insulin resistance, which 
is recognized as an important risk factor of type 2 diabetes and cardiovascular diseases. 

Before starting the investigation of these issues, we needed to select appropriate measurement 
techniques for insulin resistance and vascular function. Therefore, chapter 2 provides a detailed 
description of the methods used and an outline of frequently used measurement techniques for 
the assessment metabolic insulin resistance. In addition, measurement techniques for microcir-
culatory function and arterial stiffness used in the present thesis are described.
After selecting appropriate measurement techniques two methodological issues were a main con-
cern to us. First, because obesity plays an important role in understanding whether PCOS per se 
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is associated with other cardiovascular risk factors, we investigated whether the use of the body 
mass index (BMI) is a valid separator in our studies (chapter 3).  

Second, since there is clear evidence that hyper- and hypoestrogenism can affect vascular 
and metabolic function, we investigated, in chapter 4, whether menstrual-cycle-related female 
sex hormones changes were associated with microvascular and metabolic function in ovulatory 
healthy women.

PCOS is associated with an increased risk of diabetes and cardiovascular disease. In part, 
this may be due to the fact that PCOS is often associated with obesity. Obesity itself is usually 
accompanied by metabolic insulin resistance, hypertension and impaired microvascular func-
tion, and these are thought to be important pathways through which obesity increases the risk 
of diabetes and small and large vessel disease. It is not known whether these pathways are also 
present in women with PCOS, especially in PCOS women without obesity. Therefore, one aim 
of the studies of the present thesis was to investigate whether metabolic insulin resistance and 
insulin’s effects on small vessels (chapters 5 and 6) are impaired in lean and obese women with 
and without PCOS. 

A further aim of this thesis was to investigate whether PCOS is associated with arterial stiff-
ness independently of obesity (chapter 7). 

Finally, chapter 8 provides a general discussion of the findings presented in this thesis and 
places these findings in perspective.
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Figure 1 Postulated	(marked	with	?)	and	established	relationships	among	PCOS,	obesity,	vascular	

function and metabolic insulin resistance investigated in the present thesis.

PCOS (Central) obesity

Menstrual Cycle

Microvascular dysfunction

Metabolic insulin resistance

Macrovascular dysfunction

Type 2 diabetes and cardiovascular disease

Decreased insulin delivery
to target tissues

Decreased glucose uptake

Increased peripheral
vascular resistance

Hypertension

? ?

?



18

chapter 1

Reference List

1 franks S 1995 Polycystic ovary syndrome. N Engl J Med 333:853-861

2  Revised 2003 consensus on diagnostic criteria and long-term health risks related to polycystic 

ovary syndrome (PCOS) 2004 Hum Reprod 19:41-47

3 Norman RJ, dewailly d, legro RS, hickey TE Polycystic ovary syndrome. The Lancet 

370:685-697

4 Ehrmann da, barnes Rb, Rosenfield Rl, cavaghan mK, Imperial J 1999 Prevalence of 

impaired glucose tolerance and diabetes in women with polycystic ovary syndrome. Diabetes Care 

22:141-146

5 legro RS, Kunselman aR, dodson wc, dunaif a 1999 Prevalence and predictors of risk for 

type 2 diabetes mellitus and impaired glucose tolerance in polycystic ovary syndrome: a prospec-

tive, controlled study in 254 affected women. J Clin Endocrinol Metab 84:165-169

6 dahlgren E, Janson Po, Johansson S, lapidus l, oden a 1992 Polycystic ovary syndrome and 

risk for myocardial infarction. Evaluated from a risk factor model based on a prospective popula-

tion study of women. Acta Obstet Gynecol Scand 71:599-604

7 Talbott E, Guzick d, clerici a, berga S, detre K, weimer K, Kuller l 1995 Coronary heart 

disease risk factors in women with polycystic ovary syndrome. Arterioscler Thromb Vasc Biol 

15:821-826

8  Talbott Eo, Zborowski JV, Sutton-Tyrrell K, mchugh-Pemu KP, Guzick dS 2001 

Cardiovascular risk in women with polycystic ovary syndrome. Obstet Gynecol Clin North Am 

28:111-33, vii

9 Pierpoint T, mcKeigue Pm, Isaacs aJ, wild Sh, Jacobs hS 1998 Mortality of women with 

polycystic ovary syndrome at long-term follow-up. J Clin Epidemiol 51:581-586

10  wild S, Pierpoint T, Jacobs h, mcKeigue P 2000 Long-term consequences of polycystic ovary 

syndrome: results of a 31 year follow-up study. Hum Fertil (Camb ) 3:101-105

11  alberti KGm, Zimmet P, Shaw J 2005 The metabolic syndrome--a new worldwide definition. 

The Lancet 366:1059-1062

12  dunaif a, finegood dT 1996 Beta-cell dysfunction independent of obesity and glucose intoler-

ance in the polycystic ovary syndrome. J Clin Endocrinol Metab 81:942-947

13  coffler mS, Patel K, dahan mh, yoo Ry, malcom PJ, chang RJ 2003 Enhanced granulosa cell 

responsiveness to follicle-stimulating hormone during insulin infusion in women with polycystic 

ovary syndrome treated with pioglitazone. J Clin Endocrinol Metab 88:5624-5631

14  barbieri Rl, makris a, Ryan KJ 1984 Insulin stimulates androgen accumulation in incubations 

of human ovarian stroma and theca. Obstet Gynecol 64:73S-80S

15 Nahum R, Thong KJ, hillier SG 1995 Metabolic regulation of androgen production by human 

thecal cells in vitro. Hum Reprod 10:75-81

16 hopkinson ZE, Sattar N, fleming R, Greer Ia 1998 Polycystic ovarian syndrome: the metabolic 

syndrome comes to gynaecology. BMJ 317:329-332

17 legro RS, castracane Vd, Kauffman RP 2004 Detecting insulin resistance in polycystic ovary 

syndrome: purposes and pitfalls. Obstet Gynecol Surv 59:141-154

18 bringer J, lefebvre P, boulet f, Grigorescu f, Renard E, hedon b, orsetti a, Jaffiol c 1993 

Body composition and regional fat distribution in polycystic ovarian syndrome. Relationship to 

hormonal and metabolic profiles. Ann N Y Acad Sci 687:115-123



19

introduction and outline of the thesis  

19 dale Po, Tanbo T, Vaaler S, abyholm T 1992 Body weight, hyperinsulinemia, and gonadotro-

pin levels in the polycystic ovarian syndrome: evidence of two distinct populations. Fertil Steril 

58:487-491

20 herbert cm, III, hill Ga, diamond mP 1990 The use of the intravenous glucose tolerance test 

to evaluate nonobese hyperandrogenemic women. Fertil Steril 53:647-653

21 holte J, bergh T, berne c, berglund l, lithell h 1994 Enhanced early insulin response to glu-

cose in relation to insulin resistance in women with polycystic ovary syndrome and normal glucose 

tolerance. J Clin Endocrinol Metab 78:1052-1058

22 ovesen P, moller J, Ingerslev hJ, Jorgensen Jo, mengel a, Schmitz o, alberti KG, moller N 

1993 Normal basal and insulin-stimulated fuel metabolism in lean women with the polycystic 

ovary syndrome. J Clin Endocrinol Metab 77:1636-1640

23 Rajkhowa m, bicknell J, Jones m, clayton RN 1994 Insulin sensitivity in women with polycys-

tic ovary syndrome: relationship to hyperandrogenemia. Fertil Steril 61:605-612

24 weber Rf, Pache Td, Jacobs ml, docter R, loriaux dl, fauser bc, birkenhager Jc 1993 

The relation between clinical manifestations of polycystic ovary syndrome and beta-cell function. 

Clin Endocrinol (Oxf ) 38:295-300

25 Elting mw, Korsen TJ, Schoemaker J 2001 Obesity, rather than menstrual cycle pattern or fol-

licle cohort size, determines hyperinsulinaemia, dyslipidaemia and hypertension in ageing women 

with polycystic ovary syndrome. Clin Endocrinol (Oxf ) 55:767-776

26  holte J, bergh T, berne c, wide l, lithell h 1995 Restored insulin sensitivity but persistently 

increased early insulin secretion after weight loss in obese women with polycystic ovary syndrome. 

J Clin Endocrinol Metab 80:2586-2593

27  azziz R, Sanchez la, Knochenhauer ES, moran c, lazenby J, Stephens Kc, Taylor K, boots 

lR 2004 Androgen excess in women: experience with over 1000 consecutive patients. J Clin 

Endocrinol Metab 89:453-462

28 Elting mw, Korsen TJ, bezemer Pd, Schoemaker J 2001 Prevalence of diabetes mellitus, 

hypertension and cardiac complaints in a follow-up study of a Dutch PCOS population. Hum 

Reprod 16:556-560

29 laitinen J, Taponen S, martikainen h, Pouta a, millwood I, hartikainen al, Ruokonen 

a, Sovio U, mccarthy mI, franks S, Jarvelin mR 2003 Body size from birth to adulthood as 

a predictor of self-reported polycystic ovary syndrome symptoms. Int J Obes Relat Metab Disord 

27:710-715

30 Gambineri a, Pelusi c, Vicennati V, Pagotto U, Pasquali R 2002 Obesity and the polycystic 

ovary syndrome. Int J Obes Relat Metab Disord 26:883-896

31  Stern mP 1995 Diabetes and cardiovascular disease. The "common soil" hypothesis. Diabetes 

44:369-374

32  barrett EJ, Eggleston Em, Inyard ac, wang h, li G, chai w, liu Z 2009 The vascular actions 

of insulin control its delivery to muscle and regulate the rate-limiting step in skeletal muscle insu-

lin action. Diabetologia 52:752-764

33  Serne Eh, de Jongh RT, Eringa Ec, IJzerman RG, Stehouwer cd 2007 Microvascular dys-

function: a potential pathophysiological role in the metabolic syndrome. Hypertension 50:204-

211



20

chapter 1

34 Kim Ja, montagnani m, Koh KK, Quon mJ 2006 Reciprocal relationships between insu-

lin resistance and endothelial dysfunction: molecular and pathophysiological mechanisms. 

Circulation 113:1888-1904

35  Zeng G, Nystrom fh, Ravichandran lV, cong lN, Kirby m, mostowski h, Quon mJ 

2000 Roles for Insulin Receptor, PI3-Kinase, and Akt in Insulin-Signaling Pathways Related to 

Production of Nitric Oxide in Human Vascular Endothelial Cells. Circulation 101:1539-1545

36  bakker w, Sipkema P, Stehouwer cd, Serne Eh, Smulders ym, van h, V, Eringa Ec 2008 

Protein kinase C theta activation induces insulin-mediated constriction of muscle resistance arter-

ies. Diabetes 57:706-713

37 Eringa Ec, Stehouwer cd, merlijn T, westerhof N, Sipkema P 2002 Physiological concentra-

tions of insulin induce endothelin-mediated vasoconstriction during inhibition of NOS or PI3-

kinase in skeletal muscle arterioles. Cardiovasc Res 56:464-471

38 Serne Eh, IJzerman RG, Gans Ro, Nijveldt R, de Vries G, Evertz R, donker aJ, Stehouwer 

cd 2002 Direct evidence for insulin-induced capillary recruitment in skin of healthy subjects dur-

ing physiological hyperinsulinemia. Diabetes 51:1515-1522

39 de Jongh RT, Serne Eh, IJzerman RG, de Vries G, Stehouwer cd 2004 Impaired microvascular 

function in obesity: implications for obesity-associated microangiopathy, hypertension, and insu-

lin resistance. Circulation 109:2529-2535

40 de Jongh RT, Serne Eh, IJzerman RG, de Vries G, Stehouwer cd 2004 Free fatty acid levels 

modulate microvascular function: relevance for obesity-associated insulin resistance, hypertension, 

and microangiopathy. Diabetes 53:2873-2882

41 Serne Eh, Stehouwer cd, ter maaten Jc, ter wee Pm, Rauwerda Ja, donker aJ, Gans Ro 

1999 Microvascular function relates to insulin sensitivity and blood pressure in normal subjects. 

Circulation 99:896-902

42  wroblewski h, Kastrup J, Norgaard T, mortensen Sa, haunso S 1992 Evidence of increased 

microvascular resistance and arteriolar hyalinosis in skin in congestive heart failure secondary to 

idiopathic dilated cardiomyopathy. Am J Cardiol 69:769-774

43  Gregorio f, ambrosi f, carle f, boemi m, boscaro m, ceravolo mG, Evangelisti l, bordoni 

E, Sardu c 2004 Microalbuminuria, brain vasomotor reactivity, carotid and kidney arterial flow 

in Type 2 diabetes mellitus. Diabetes Nutr Metab 17:323-330

44  Kelly cJ, Speirs a, Gould Gw, Petrie JR, lyall h, connell Jm 2002 Altered vascular function 

in young women with polycystic ovary syndrome. J Clin Endocrinol Metab 87:742-746

45 cheng KS, baker cR, hamilton G, hoeks aP, Seifalian am 2002 Arterial elastic properties 

and cardiovascular risk/event. Eur J Vasc Endovasc Surg 24:383-397

46 Safar mE, levy bI, Struijker-boudier h 2003 Current perspectives on arterial stiffness and 

pulse pressure in hypertension and cardiovascular diseases. Circulation 107:2864-2869

47  Van bortel lm, Spek JJ 1998 Influence of aging on arterial compliance. J Hum Hypertens 

12:583-586

48  westerhof N, o'Rourke mf 1995 Haemodynamic basis for the development of left ventricular 

failure in systolic hypertension and for its logical therapy. J Hypertens 13:943-952

49  hirai T, Sasayama S, Kawasaki T, yagi S 1989 Stiffness of systemic arteries in patients with 

myocardial infarction. A noninvasive method to predict severity of coronary atherosclerosis. 

Circulation 80:78-86



21

introduction and outline of the thesis  

50  Gatzka cd, cameron Jd, Kingwell ba, dart am 1998 Relation between coronary artery dis-

ease, aortic stiffness, and left ventricular structure in a population sample. Hypertension 32:575-

578

51  Giannattasio c, failla m, Stella ml, mangoni aa, carugo S, Pozzi m, Grassi G, mancia G 

1995 Alterations of radial artery compliance in patients with congestive heart failure. Am J Cardiol 

76:381-385

52  ferreira I, Snijder mb, Twisk Jw, van mechelen w, Kemper hc, Seidell Jc, Stehouwer cd 

2004 Central fat mass versus peripheral fat and lean mass: opposite (adverse versus favorable) 

associations with arterial stiffness? The Amsterdam Growth and Health Longitudinal Study. J Clin 

Endocrinol Metab 89:2632-2639

53 de michele m, Panico S, Iannuzzi a, celentano E, ciardullo aV, Galasso R, Sacchetti l, 

Zarrilli f, bond mG, Rubba P 2002 Association of Obesity and Central Fat Distribution With 

Carotid Artery Wall Thickening in Middle-Aged Women. Stroke 33:2923-2928

54  misra a, Vikram NK 2003 Clinical and pathophysiological consequences of abdominal adiposity 

and abdominal adipose tissue depots. Nutrition 19:457-466

55 lakhani K, Seifalian am, hardiman P 2002 Impaired carotid viscoelastic properties in women 

with polycystic ovaries. Circulation 106:81-85



chapter 2



Methods





25

methods

METHODS AND TECHNIQUES

The following paragraphs provide background information about the methods of measurements 
used for determining 1) insulin resistance, 2) large arteries properties and 3) microcirculatory 
function. Most of the described techniques are used in the present thesis.

INSULIN RESISTANCE 

Considering the important role that insulin resistance plays in PCOS, it is useful to determine 
insulin resistance adequately in these women. However, determining precisely who is insulin-
resistant is a more complicated task. The relationship between glucose and insulin is quite com-
plex and involves the interaction of many metabolic and regulatory factors(1). Normal insulin 
sensitivity varies widely and is influenced by age, ethnicity, and obesity. Furthermore, establish-
ing limits for normal degrees of insulin sensitivity is arbitrary and therefore there is no cut-off 
point for determining insulin resistance (in women with and without PCOS). In this section the 
most often used methods of assessing insulin resistance are described.

hyperinsulinemic clamp technique [adapted in part from(2)] is the best available stan-
dard for evaluating insulin resistance, i.e. insulin-mediated peripheral glucose uptake (i.e. gold 
standard)(3). This technique requires a steady IV infusion of insulin to be administered in one 
arm. Insulin is infused in a primed continuous manner at a rate designed to maintain a pre-set 
hyperinsulinemic plateau. As a consequence, glucose uptake is increased and therefore the serum 
glucose level is ‘clamped’ at a normal fasting (∼ 5 mmol/l, euglycemic) or any pre-existing (iso-
glycemic) concentration by administering a variable IV glucose infusion. Steady state insulin 
concentrations during a physiological hyperinsulinemic clamp study are usually reached within 
40-45 minutes(3; 4). Because hepatic glucose production and endogenous insulin production are 
completely suppressed at the insulin concentrations reached during the steady state, the exo-
genous glucose infusion rate equals the amount of glucose disposed of by all tissues in the body 
and thus provides a quantisation of overall insulin resistance. The degree of insulin resistance 
should be inversely proportional to the glucose uptake by target tissues (primarily skeletal mus-
cle) during the procedure. In other words, the less glucose that is absorbed by tissues during 
the procedure, the greater the insulin resistance. Disadvantages of this technique are that it is 
expensive, time-consuming, invasive, labor-intensive and therefore not very practical in daily 
practice. In chapter 5, 6 and 7 the hyperinsulinemic clamp technique was applied to induce 
systemic hyperinsulinemia in order to examine effects of insulin on skin microvascular function. 
We clamped at any pre-existing glucose concentration to maintain physiological glucose levels 
and to avoid slightly higher glucose levels which can occur during a normal fasting (euglycemic) 
concentration (e.g., 5.0 mmol/L). This was done because it is known that hyperglycemia impairs 
microvascular function(5-7).

To overcome these obstacles, alternative tests have been developed (i.e. OGTT, fasting insulin 
level, G/I ratio, HOMA, QUICKI) [adapted in part from (2)].
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oral Glucose Tolerance Test (oGTT) is used, besides to diagnose impaired glucose tole-
rance, to asses insulin sensitivity. Various modifications of OGTT that use 75- or 100-g glucose 
load and measure glucose and insulin at various intervals over 2 to 4 hours is used in clinical 
studies(2; 8). OGTT provides information on beta cell secretion and peripheral insulin action. 
Insulin resistance is assessed by calculating insulin area under the curve and by insulin sensitivity 
index (ISI) that applies only glucose and insulin values from 0 and 120 minutes into a com-
plex ma thematical formula(9). The OGTT provides a better assessment of insulin resistance than 
homeostatic techniques because patients could have normal fasting glucose values despite abnor-
mal 2-hour levels. Furthermore a 2-hour glucose/ insulin ratio (G120/I120 ratio) of ≤ 1.0 is also 
reported to give a reasonably accurate cutoff point for insulin resistance in PCOS(8).

fasting insulin level is an inexpensive assay and does not require any mathematical calcu-
lations. Although fasting insulin is less variable than other fasting procedures in normoglyce-
mic patients, difficulties in interpreting the test results are the lack of standardized, universally 
accepted insulin assays. Furthermore, the fasting insulin level must be interpreted in the context 
of insulin action, i.e., the amount of peripheral insulin sensitivity, the degree of pancreatic beta 
cell function, and the contribution of the liver to glucose production(10). A fasting insulin ≥ 96 
pmol/L in white women probably indicates insulin resistance when using an immunometric 
assay with luminescence (Bayer Diagnostics, Mijdrecht Netherlands) (www.nvkc.nl).

Glucose/ Insulin ratio (G/I ratio) is easily calculated (insulin (mU/l)/ glucose (mmol/l)-1,5)), 
with lower values depicting higher degrees of insulin resistance. However, a G/I ratio value sug-
gesting insulin resistance in PCOS is found to be population-specific, ranging from ≤4.0 to ≤ 
7.2 (11; 12). In addition, a G/I ratio below ≤ 7.2 indicates insulin resistance in obese white PCOS 
women(12). In this study PCOS was diagnosed on the basis of anovulation and hyperandrogen-
ism. The apparent differences could be the result of physical and genetic differences between the 
populations studied and variations in criteria used to define PCOS. Therefore, more studies are 
needed to investigate the cut off point for detecting insulin resistance (if present) in lean women 
with PCOS diagnosed according to the ESHRE/ Rotterdam criteria(13). 

homeostatic model assessment (homa) is widely used to assess insulin resistance. Rather 
than using fasting insulin or G/I ratio, the product of the fasting values of insulin (I0) and glu-
cose (G0)(mostly measured three times) is divided by a constant: I0x G0/ 22.5 (if using SI units). 
Unlike the fasting insulin level and the G/I ratio, the HOMA calculation compensates for fas-
ting hyperglycemia(14). The HOMA value correlates reasonably well with clamp techniques(15). 
The cut-off point for insulin resistance in white (obese) women with PCOS is ≥ 3.8 mmol/L x 
mU/l (the HOMA-value increases as the degree of insulin resistance increases)(12).

Quantitative Insulin Sensitivity check index (QUIcKI) can, like HOMA, be applied to 
normoglycemic and hyperglycaemic patients(16). The difference with HOMA is that another 
mathematical model is used to calculate insulin resistance (1/ [log(I0) + log (G0)]). Furthermore, 
there is no cut off point for detecting insulin resistance in PCOS available. As the insulin resis-
tance increases, QUICKI values increases.

In the present thesis we used the hyperinsulinemic clamp technique as the best available 
method to assess insulin resistance. In addition, it allows us to investigate the effect of insulin on 
microvascular function, since microvascular measurements were performed during the hyperin-
sulinemic steady state. However, as second choice we used the HOMA. The absence of a cut-off 
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point for insulin resistance for our PCOS-group was resolved by comparing of data with a age-, 
and BMI-matched control groups.

MACROCIRCULATION [from I. Ferreira, with permission(17)]

The arterial system 
Large arteries have two major functions: to deliver blood to the tissues and organs of the body 
according to their needs (i.e. conduit function), and to smooth flow pulsations imposed by the 
intermittent contracting heart so that the blood is directed through the body organs and tissues 
in an almost steady stream (i.e. cushioning function)(18). Both functions are affected by arterial 
degeneration that occurs with ageing and exposure to various risk factors.

Arterial walls have three layers, from the inside to the outside: the intima, which consists of 
a lamina basalis and a mono-layer of endothelial cells (in contact with the blood stream); the 
media, which is characterised by cylindrically orientated sheets with elastin and collagen content 
interconnected by vascular smooth muscle cells; and the adventitia, embedding the artery in sur-
rounding connective tissue.

The distribution of elastin and collagen varies markedly along the arterial tree(19): in the proxi-
mal aorta, elastin is dominant, whereas in the distal aorta the collagen-to-elastin ratio is reversed, 
and in the peripheral arteries (e.g. brachial or femoral), collagen predominates. Arterial stiffness 
is a generalised process that reflects the level of impairment of the cushioning function of arte-
ries which disturbs the heart upstream and the arteries in general by increasing systolic and pulse 
pressure, thereby leading to left ventricular hypertrophy and impaired coronary perfusion(18). 
Arterial stiffness is primarily a diffuse process in the media layer of the arterial wall.

Non-invasive methods of measurements of large artery properties
In this thesis properties of the right common carotid, the common femoral and the brachial 
arteries are obtained by one trained sonographer (I.J.K.) with the use of an ultrasound scanner 
equipped with a 7.5-MHZ linear array probe (Pie Medical, Maastricht, The Netherlands). The 
ultrasound scanner is connected to a personal computer equipped with an acquisition system 
and a vessel wall movement detector software system (Wall Track System (WTS), Pie medical, 
Maastricht, The Netherlands). This integrated device enables measurements of arterial diameter 
(D), distension (ΔD) and intima-thickness (IMT) (Figure 1 and 2).

The artery of interest is first visualized in B-mode. An M-line perpendicular to the artery is 
then placed at the site of measurements. After switching to M (motion) – mode (as illustrated 
in Figure 2), data acquisition is enabled after identification of the lumen of the artery in real-
time A-mode presentation on the computer screen. Ultrasound data are then obtained during 
a period of 4 seconds (including 3 to 7 heartbeats) triggered by the R-top of the simultaneously 
recorded ECG. The first radio frequency (RF) signal is displayed on the screen, enabling the 
observer to check if the markers, automatically positioned by WTS, coincided with the near 
(adventitia-media) and far (media-adventitia) vessel wall reflections in the diastolic phase of the 
cardiac cycle (Figure 3). The cumulative RF signals are then digitized and stored in the computer 
memory. Diastolic diameter (D) is automatically calculated by the WTS as the difference in 



28

chapter 2

position between the anterior and posterior vessel wall markers and the change in diameter as a 
function of time (i.e. distension [ΔD] is estimated and presented on the computer screen (dis-
tension waveform; Figure 4). Based on the RF-signals of the carotid posterior wall, the distance 
from the leading edge interface between lumen and intima to the leading edge interface between 
media and adventitia is calculated automatically as the intima-media complex (Figure 5.).

The carotid artery is measured approximately 10 mm proximal to the beginning of the bulb, 
the femoral artery 20 mm proximal to the flow divider and the brachial artery approximately 20 
mm above the antecubital fossa. For measurements of the femoral artery the lower limb is putted 
in gentle exorotation; measurements on the brachial artery are performed with a stereotactic 
probe-holding device, to minimize hand-movements of the observer.

Estimates of local stiffness
We determine carotid, femoral and brachial artery distensibility (DC= (2ΔD · D + ΔD2) / (ΔP · D2) 
in 10-3 · kPa-1)) and compliance (CC= π(2D · ΔD + ΔD2) / (4 · ΔP) in mm2 · kPa-1), where ΔP 
stands for local pulse pressure according to the calibration method of Van Bortel(20); D for 
diameter; ΔD for distension; DC for distensibility coefficient and CC for compliance coefficient 
(see also Figure 1) .

Distensibility, i.e. the relative change in arterial cross-sectional area per unit change in (local) 
pulse pressure, describes the amount of diameter expansion expressed as percentage of the initial 
diameter of the artery in relation to the force that causes the expansion (pulse pressure). As such, 
the DC reflects the effect of pulsatile stress on the arterial wall, which induces degeneration of 
the media layer, and is a measure of the elastic properties of the artery(21).

Compliance is the absolute change in arterial cross-sectional area per unit change in (local) 
pulse pressure. Therefore, the CC is a measure of the local vessel capacity to store extra volume 
(i.e. reflects the buffering capacity of the artery). A decrease in arterial compliance leads to an 
increase in pulse (and systolic) pressure and contributes to a higher mechanical afterload of the 
heart which in turn lead to cardiac hypertrophy and heart failure(21).

From carotid IMT, diameter and DC of the carotid artery, we calculated Young’s elastic mod-
ulus (D / (IMT) · distensibility) in kPa), an estimate of the intrinsic elastic properties of the 
vessel wall.
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Figure 1 Ultrasound-derived arterial properties to determine local arterial stiffness. The two thick black 

lines	represent	the	vessel	wall	movement	during	the	cardiac	cycle	(adapted	from	ref	(22)	with	permission)

 

Figure 2 Schematic representation of arterial properties assessment by non-invasive ultrasound 

	imaging	methods	used	in	the	present	thesis	(adapted	from	ref.	(23)	with	permission)
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Figure 3	Radio-frequency	(RF)	signal	with	automated	identification	of	near	and	far	walls	corresponding	

to	B+M-model	ultrasound	image	of	the	artery	a	presented	in	Figures	1	and	2.	(adapted	from	(17)	with	

permission)

 

Figure 4 The distention waveforms of the common carotid artery of a 29-year-old lean women with 

PCOS	over	4s	(4	cardiac	cycles);	crosses	indicate	the	R-top	of	the	ECG-derived	trigger

 

Figure 5 Automated measure of carotid IMT on the RF-signal of the posterior wall
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Regional stiffness
The aortic augmentation index is calculated as augmented pressure divided by (tonometrically 
derived) central pulse pressure, x100 to give a percentage. Because the aortic augmentation index 
is a ratio of 3 aortic pressure values, the influence of any systematic errors in the estimation of 
aortic pulse pressure by the transfer function will be minimal(24).

The carotid-femoral pulse wave velocity (PWV) is measured with an automated system 
Complior (Artech Medical). The carotid and femoral waveforms are acquired simultaneously 
with two pressure-sensitive transducers. The distance between the two arterial sites is measured 
on the body using tape measure, and PWV is calculated according to the formula PWV (m/s) = 
distance (m) / transit time (s). The traveling time of a pulse wave from the carotid to the femoral 
artery is prolonged when the mean arterial stiffness over this segment (mainly abdominal aorta) 
is increased.

Elastic vs. muscular arteries
The arterial tree is divided in two compartments: a (proximal) elastic and a (distal) muscular 
arterial part(25). Due to its specific characteristics, the proximal compartment (aorta and its main 
branches) is characterized by low stiffness and high susceptibility to ageing and changes in blood 
pressure whereas the distal compartment is characterized by higher stiffness and sensitivity to 
vasoactive substances such as nitric oxide(20; 25). Indeed, ageing, drugs and cardiovascular risk 
factors have differential effects along the arterial tree(26; 27), and therefore, in this thesis, arterial 
properties of three large arteries have been investigated: the carotid artery, an elastic artery, and 
the femoral and brachial arteries, both muscular arteries.

MICROCIRCULATION [from E. Serné, with permission(28)]

Microcirculation is the collective name for the smallest components of the cardiovascular sys-
tem, i.e. the arterioles, capillaries and venules, each with their own characteristic structure 
and function (Figure 6). Together they are the site of control of tissue perfusion, blood-tissue 
exchange and tissue blood volume. The arterioles are resistance vessels since a major fraction of 
total pressure dissipation occurs in this segment of the vascular tree. The capillaries are the major 
exchange vessels. Finally, venules are important capacitance vessels because most of the tissue 
blood volume is localised in these microvessels.

The high degree of control needed to ensure optimal microcirculatory function is met by a 
range of control mechanisms. These include very rapidly acting local metabolic and myogenic 
mechanisms, endothelium-dependent mechanisms, and nervous and hormonal influences, but 
also slowly acting structural mechanisms. 

Reductions in the number of arterioles and capillaries, and defects in specific microcircu-
latory functions, i.e. impaired (endothelium-dependent) arteriolar vasodilatation and capillary 
recruitment, may have consequences not only for peripheral resistance and blood pressure, but 
also for muscle perfusion and glucose metabolism.

In humans, the putative microcirculatory hemodynamics of importance to the regulation 
of peripheral vascular resistance, but in particular to the regulation of insulin and glucose deli-
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very, are difficult to measure. The skin is the only site available in humans to directly and non-
invasively assess microcirculatory vasodilatation distal to the larger resistance vessels, capillary 
density and capillary recruitment. In the following section, the non-invasive methods used to 
assess skin microcirculation are described. 

 

Figure 6 Microcirculation of the skin, showing the capillaries, arterioles and venules.

(Adapted	from	http://www.meb.uni-bonn.de/Cancernet/CDR0000258037.html)

Skin microcirculation
The techniques used to assess skin microcirculatory function must be considered against the 
background of the anatomy and physiology of the skin microcirculation. The microvascular bed 
of the skin consists of nutritive capillaries, a subpapillary plexus and deeper arteriovenous ana-
stomoses(29; 30). The nutritional capillaries are the most superficial ones (10-50 μm from the skin 
surface). In most areas of the fingers, the nutritional capillary loops are located perpendicular to 
the skin surface and only the apex of the capillary loops can be visualised. In the nailfold area, 
the capillary loops become successively more parallel to the skin surface, and in the distal row 
capillaries can be visualised in their full length. In the subpapillary vascular bed (approximately 
0.05-2.0 mm from the skin surface) the dominating vessels are venules and to a smaller extent 
arterioles. The deeper arteriovenous anastomoses serve a thermoregulatory function. They are 
especially numerous in the fingertips, ears and nose, whereas the skin of the dorsal finger and 
forearm are considered devoid of arteriovenous anastomoses(29). Under conditions of normal 
environmental temperature (20-25 ºC) the majority (>90%) of total skin blood flow passes 
through the arteriovenous anastomoses. 

Capillary                  Arteriole

Venule
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Capillary microscopy
Direct capillary microscopy or intravital capillary microscopy is a dynamic method for studying 
capillaries in human skin and has been used to assess capillary density and recruitment (see also 
Figure 6)(30; 31). Skin capillaries can be studied directly with an ordinary light microscope with a 
final magnification of approximately 10-100x. 

In the studies described in the present thesis, capillary microscopy was used to assess capillary 
density and recruitment. It should, however, be realized that the technique of direct capillary 
microscopy (without dyes) depends on the presence of red blood cells inside capillaries for their 
identification. This method therefore has the potential for missing non-perfused capillaries. It is 
assumed that capillaries, especially in the skin, work on a ‘rota system’, i.e. some are erythrocyte-
perfused while others are shut down causing temporal heterogeneity in capillary perfusion(32). 
During direct intravital microscopy without dyes, the open-time, i.e. the time that capillaries are 
filled with erythrocytes, varies greatly among different capillaries in the same visual field. Some 
capillaries seem continuously filled with erythrocytes while others are intermittently perfused.

To expose more non-perfused capillaries, both venous congestion and post-occlusive reac-
tive hyperaemia (i.e capillary recruitment) have been used(32-34). Whereas peak capillary density 
du ring venous congestion is thought to depend mainly on the anatomical number of capilla-
ries,(35)capillary recruitment may be used to detect functional recruitment of initially non-per-
fused capillaries, which probably reflects both functional and structural factors(34; 35).

Investigational protocol
The capillary microscopy studies are conducted after 30 minutes of acclimatisation in a quiet, 
temperature-controlled room (T=23.4±0.4ºC), with the subjects laying on a bed and the investi-
gated, right hand next to the body. The measurements are performed after a 10- to 12-hour fast 
and all subjects abstained from smoking and caffeine- and alcohol-containing drinks overnight. 
Skin temperature was monitored continuously during the tests. Measurements are performed 
only if skin temperature was ≥ 28 °C.

Nailfold capillaries in the dorsal skin of the third finger are visualized and the images obtained 
are stored on videotape for further analysis. The investigated finger is immobilized in a mass of 
clay. The nailfold to be investigated is covered with a drop of paraffin oil to reduce skin reflec-
tions and improve skin transparency. We do not employ peeling of the skin to improve capillary 
visibility, because this intervention is regarded as a factor that possibly disturbs capillary perfu-
sion. Capillaries are visualized approximately 1.5 mm proximal to the terminal row of capillaries. 
This distance was the width of approximately one visual field. This area gives a more accurate 
estimation of true skin capillary density, defined as the number of erythrocyte-perfused capilla-
ries per square millimetre of nailfold skin, because here capillaries run perpendicular to the skin 
surface. Taking the terminal row, where capillaries run parallel to the skin, would result in an 
underestimation of the actual capillary density. The number of capillaries in an area of 1 mm2 in 
the resting state and during post-occlusive reactive hyperemia and venous occlusion are counted 
off-line by one or two investigator(s) from a freeze-framed reproduction of the videotape and 
from the running videotape. 
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Capillary recruitment
Functional recruitment of capillaries is assessed by post-occlusive reactive hyperemia (i.e. capil-
lary recruitment)(34; 35). Post-occlusive reactive hyperemia used to induce capillary recruitment 
is thought to be determined at the level of the small arterioles(36) and to be independent of the 
autonomic nervous system(37; 38). The myogenic response to a change in intravascular pressure 
is postulated to be the prime stimulus determining peak hyperaemia whilst local metabolic fac-
tors act in a synergistic role to prolong the response(37-39). An occlusion of 4 minutes is expected 
to cause vasodilatation not only through the mechanism of myogenic vasodilatation, but also 
through an additional metabolic vasodilatatory stimulus(40; 41). The role of the endothelium in 
modulating the myogenic response is controversial, but factors released from the endothelium 
modulate the myogenic response by decreasing its strength(42).

To obtain capillary recruitment, a miniature cuff (Digit cuff, Hokanson, Bellevue, WA) is 
applied to the base of the third finger and capillary density in the resting state was recorded 
for 30 seconds (see Figure 7). Subsequently, the cuff is inflated to suprasystolic pressure (300 
mm Hg). A characteristic capillary is kept on the same spot to ensure that capillary density in 
the resting state and during post-occlusive reactive hyperemia are measured in the same area. 
After 4 minutes of arterial occlusion the cuff is released. During this procedure the image was 
constantly kept in focus and the response was stored on videotape. Ten to fifteen minutes later 
this procedure is repeated using a visual field adjacent to the first visual field. Data concerning 
capillary densities are the mean of these two measurements. Percentage capillary recruitment is 
assessed by dividing the increase in capillary density during post-occlusive reactive hyperemia by 
the capillary density in the resting state. Capillary density in the resting state was counted during 
a 15-second period. During this period, only continuously perfused capillaries were counted, 
although intermittently perfused capillaries are also visible. Capillary density during post-occlu-
sive reactive hyperemia is counted directly after the release of the cuff. (The major part of the 
increase in capillary number occurs instantaneously.)

Venous congestion
Venous congestion, with the digital cuff inflated to 60 mm Hg for 60 seconds, is applied to 
expose a maximal number of non-perfused capillaries(35). Venous occlusion enhances the 
vi sualization of red-cell-filled capillaries and allows the trapping of red cells in non-perfused and 
intermittently perfused capillaries(43). The venous backpressure reduces the pressure gradient 
driving flow, which by temporarily reducing flow and washout of vasodilators causes vasodi-
latation(35;43).We avoid prolonged venous occlusion, because this could increase precapillary 
resistance through the venoarteriolar response(34).It should be realized that, with direct intravi-
tal video-microscopy, only perfused capillaries are visible and that the actual structural capillary 
number may be underestimated. Capillary density is counted off-line during the total duration 
of the venous occlusion.

Limitation of the technique
Although muscle tissue is the main peripheral site of insulin- mediated glucose uptake and vas-
cular resistance, we studied skin and not muscle. However, the cutaneous microcirculation is 
considered a representative vascular bed to examine the mechanisms of generalized microvas-
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cular dysfunction(44; 45). The human skin is the only site available in humans to directly and 
non-invasively assess capillary density and recruitment of capillaries. Moreover, the effects of 
obesity and free fatty acids on insulin-mediated microvascular recruitment in muscle(46; 47) can be 
reproduced in human skin(33; 48), suggesting that the vascular responses observed in skin reflect 
those in muscle.

 

Figure 7 Capillary microscopy equipment on the left side and on the right side capillary density seen 

before	and	after	occlusion	(i.e.	capillary	recruitment)	of	the	middle	finger	(upper	and	lower	panel,	

respectively).

Laser Doppler fluxmetry in combination with iontophoresis
Laser Doppler fluxmetry in combination with iontophoresis is used to assess endothelium-
dependent and endothelium-independent vasodilatation of the microcirculation.

Laser Doppler fluxmetry
The principles of laser Doppler fluxmetry, a non-invasive method to measure skin perfusion in 
a semiquantitative manner, have been thoroughly described elsewhere(49-51). Briefly, a laser beam 
penetrates the skin and a fraction of the light is backscattered by moving blood cells and under-
goes a frequency shift according to the Doppler principle, generating a signal proportional to tis-
sue perfusion. In the skin, the precise volume of tissue in which the measurements are performed 
cannot be determined and consequently the laser signal cannot be transformed to a quantitative 
unit, but can only be expressed in arbitrary perfusion units.

With a standard probe and a near-infra-red laser diode at a wavelength of 780 nm, as we use, 
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the measuring depth of the laser Doppler technique in the skin is approximately 1-2 mm and the 
predominating part of the signal will therefore be derived from the subpapillary arterioles and 
venules, with only a minute contribution of the nutritional capillaries. 

Iontophoresis
Iontophoresis is a non-invasive method of introducing charged substances across the surface of 
the skin by means of a small direct electric current(52). The principle is based on the fact that, 
when an electrical potential difference is applied to a solution, solute ions will migrate towards 
an electrode of opposite charge. Thus positively charged drug ions can be introduced through 
the skin under a positively charged electrode (anodal iontophoresis) and vice versa (cathodal 
iontophoresis)(53).

Many factors have been shown to affect the results of iontophoresis. These include the bio-
chemical properties of the substances (molecular size, charge, concentration), drug formulation 
(type of vehicle, buffer, pH, viscosity, presence of other ions), protocol used (current intensity, 
current time, constant vs. pulsed current, type of electrode), and biological variation (skin site, 
regional blood flow, age, cycle-dependent sex hormones (this thesis))(53; 54). The extent of drug 
absorption into the skin is proportional to the magnitude and duration of current applied so that 
the current intensity x time product is an index of drug dose(55).

Iontophoresis in combination with the laser Doppler technique, is used to apply the vaso-
dilators acetylcholine and sodium nitroprusside to the skin for examinations of microvascular 
endothelial and smooth muscle cell function(33; 50; 51; 56;57). 

Acetylcholine-mediated vasodilatation
Acetylcholine-mediated vasodilatation is dependent on a functioning vascular endothelium(58) 
and may be mediated by generation of nitric oxide(59), prostacyclin(60), and/or endothelium-
derived hyperpolarising factor(60; 61).

It is generally agreed that iontophoretically applied acetylcholine induces an endothelium-
dependent vasodilatation. In addition to its endothelium-dependent effects directly over the site 
of drug delivery, acetylcholine also induces vasodilatation at sites distant to the site of application 
through the stimulation of local sensory C-fibre nerves(62). However, this local sensory nerve 
activation is not involved in the vasodilatation observed over the site of drug delivery(63).

Sodium nitroprusside-mediated vasodilatation
Sodium nitroprusside is an endothelium-independent vasodilator. It is a nitric oxide donor, act-
ing directly on smooth muscle cells to induce relaxation through an increase in cyclic guanosine 
monophosphate(64).

The interpretation of the responses during iontophoretic administration of acetylcholine 
chloride and sodium nitroprusside is biased by nonspecific vasodilatation in response to the cur-
rent and drug vehicles employed(55; 63; 64).

However, our research group showed that both anodal iontophoresis of the vehicle of acetyl-
choline and cathodal iontophoresis of the vehicle of sodium-nitroprusside elicited small but 
significant responses(49). In addition, we demonstrated that systemic hyperinsulinemia did not 
influence these responses in lean and obese women(51; 65). Therefore, in the current studies of this 
thesis we did not repeat iontophoresis with drug vehicle. 
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Investigational protocol
Before starting the iontophoresis procedure, the pad material in the drug delivery electrode is 
carefully filled with 180 μl drug solution. Next, the drug delivery electrode is attached to the 
thermostatic laser Doppler probe. After cleaning the skin with isopropyl alcohol, the drug deli
very and dispersive electrodes is fixed to the selected sites (Figure 8).

Figure 8 Iontophoresis controller combined with laser Doppler equipment.

Laser Doppler flux is measured on dorsal skin of the middle phalanx of the finger. Dorsal skin 
of the middle phalanx of the finger are chosen for several reasons. First, we are mainly interested 
in the nutritive function of skin microcirculation as opposed to its thermoregulatory function. 
Dorsal skin of the middle phalanx is considered devoid of arteriovenous anastomoses, which 
serve the thermoregulatory function of skin microcirculation(29). Second, the iontophoresis 
equipment and electrodes are especially designed to measure on digits. The dispersive electrode 
was fixed at the wrist, approximately 15 cm away from the drug delivery electrode. Both leads of 
the iontophoresis device are attached to the electrodes. 

After recording one minute of stable baseline blood flow, iontophoresis starts by setting 
the time and current strength. The time and current settings depend on the ion type and the 
concentration of the solution. By repeating the stimulus an incremental dose response curve 
is obtained. Acetylcholine (1%, Miochol, IOLAB, Bournonville Pharma, The Netherlands) is 
delivered using an anodal current; seven doses (0.1 mA for 20 s) were delivered, with a 60s 
interval between each dose. A 60s interval between each iontophoresis period was required to 
achieve the plateau of the response following each delivery of acetylcholine. Sodium nitroprus
side (0.01% or 0.1%, Nipride, Roche, The Netherlands) is delivered using a cathodal current; 
nine doses (0.2 mA for 20 s) are delivered, with a 90s intervals between each dose. A 90s inter
val between each iontophoresis period was required to achieve the plateau of the response follow
ing each delivery of sodium nitroprusside. Approximately 15 minutes elapse between these two 
measurements. Iontophoresis is performed with the thermostatic laser Doppler probe heated to 
a constant preset temperature of 28 °C to ensure reproducible results. Skin temperature is mon
itored throughout the whole procedure. The area under the curve of the blood flow responses to 
acetylcholine and sodium nitroprusside are further analyzed.

Dispersive electrode

Laser Doppler probe
attached to the drug

Laser doppler

Tissue heater

Iontophoresis 
controller
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Skin microcirculatory vasomotion
The rhythmic dilatation and contraction of arterioles, so called vasomotion, is thought to be an 
important regulator of microvascular blood flow and thus nutrient delivery to peripheral cells (7).
Fast Fourier analysis of microvascular blood flow measured with the laser Doppler technique 
allows the non-invasive assessment of the contribution of different mechanisms, such as endo-
thelial, neurogenic or myogenic activity, to microvascular vasomotion(66). How microvascular 
vasomotion is influenced is not precisely known, but there is evidence that insulin affects micro-
vascular vasomotion(67). In the present thesis we were interested in the influence of cycle depen-
dent sex hormones on microvascular vasomotion. We therefore record blood flow during the 
early-follicular, late- follicular and luteal phase of ovulatory healthy women, using the Periflux 
4000 laser Doppler system (Perimed, Sweden) in combination with a Periflux tissue heater set to 
30 ºC (PF 4005 PeriTemp) to prevent a rapid decrease of skin temperature. The light, emitted 
from a near-infra-red laser diode with a power of 1.0 mW at a wavelength of 780 nm, is deli-
vered by an optical-fibre probe (PF 408). The probe, combined with a thermostatic probeholder 
(PF450), is positioned on the dorsal side of the wrist of the non-dominant arm and is kept in 
place during 15 minutes at each given time. A bandpass filter with cut-off frequencies at 20 Hz 
and 20 kHz, and a time constant of 0.2 s is selected. Perisoft dedicated software (PSW, Perimed, 
Sweden) is used for data acquisition on a personal computer. The signal is sampled for 15 min 
at 32 Hz. 
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ABSTRACT

Objective To determine which anthropometric measurement is the most reliable alter-

native	for	fat	distribution	as	measured	by	dual-energy	X-ray	absorptiometry	(DXA).

Design Population-based survey carried out in Amsterdam, The Netherlands.

Subjects and methods	A	total	of	376	individuals	(200	women)	with	a	mean	age	of	

36.5	years	and	mean	body	mass	index	(BMI)	of	24.0	(±	3.1)	kg/m2 underwent vari-

ous	anthropometric	and	Dual-energy	X-ray	absorptiometry	(DXA)	measurements	of	

central	(CFM)	and	peripheral	fat	mass	(PFM).	Furthermore,	for	the	assessment	of	

apple-shaped body composition CFM-to-PFM ratio was calculated. Anthropometric 

measures	were	waist	and	hip	circumference,	waist-	to-hip	ratio	(WHR),	BMI,	waist/

length	and	the	skinfold	thickness	of	biceps,	triceps,	suprailiacal	(SI),	subscapular	(SS)	

and upper leg. We determined whether equations of combined anthropometrics were 

even more reliable for the assessment of fat mass.

Results In both women and men reliable alternatives for CFM are central skinfolds 

and	waist	(Pearsons’correlation	(r)	≥ 0.8). Peripheral skinfolds are the best predictors 

of	PFM	(r	≥ 0.8). In contrast, WHR correlated only marginally with any of the DXA 

measures. Equations based on several anthropometric variables correlate with CFM 

even	better	(R2 ≥ 0.8). CFM-to-PFM ratio has the highest correlation with the ratio 

(SS+SI)/BMI	in	women	(r	=	0.66)	and	waist/length	in	men	(r	=	0.71).	Equations	are	

reasonable	alternatives	of	CFM-to-PFM	ratio	(R2 ≥ 0.5).

Conclusion Waist and skinfolds are reliable alternatives for the measurement of body 

fat mass in a cohort of Caucasian adults. WHR is not appropriate for the measure-

ment of fat distribution.
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INTRODUCTION

Central fat mass (CFM) is increasingly recognized as a independent risk factor for cardiovascu-
lar disease(1-5) and metabolic disease as well as overall mortality. In contrast, peripheral fat mass 
(PFM) may independently contribute to a lower risk for cardiovascular disease(4-10). Therefore, 
measuring fat distribution, i.e. CFM/PFM ratio, is a topic of great interest, especially population 
based cohort studies, in which large numbers of subjects are measured and simple anthropomet-
ric measurements are needed to determine fat distribution.

Dual-energy X-ray absorptiometry (DXA) is a well-accepted method and has a good concor-
dance with computed tomography (CT) for the assessment of body fat(11). However, CT and 
DXA are costly and time-consuming. Moreover, these techniques involve exposure of the subject 
to ionising radiation. As a consequence, the use of these techniques cannot be extended to studies 
that involve large numbers of subjects. In these kinds of studies, body mass index (BMI, for over-
all body fatness) and waist-to-hip ratio (WHR, for body fat distribution) are most often used(12). 

There is doubt whether WHR, which is partly dependent on pelvic skeletal structure and 
muscle distribution, is a valid anthropometric measure for the assessment of body composi-
tion(13-15). Measurement of skinfold thickness in combination with waist circumference may be 
reasonable alternatives. However, there are no larger studies so far that correlate both, skinfold 
measurements and waist circumference, with DXA for determining body fat. 

Therefore, the purpose of the present study was to assess the predictive value of various simple 
anthropometric measures of body fat compared with DXA measurements in a population-based 
cohort of Dutch Caucasian adults. Besides the commonly used anthropometric and DXA mea-
sures for the estimation of CFM, we had particular interest in ratios. Since CFM is positively 
and PFM is negatively correlated with cardiovascular disease, CFM-to-PFM ratio might be a 
stronger predictor for the assessment of cardiovascular risk. CFM-to-PFM ratio is known to be 
associated with increased risk of mortality(16; 17).

Furthermore, we analysed a number of skinfold ratios, which have been associated with car-
diovascular risk factors in previous studies(18-21). In addition, we aimed to develop easy-to-use 
regression equations consisting of various combinations of anthropometric measures that predict 
body fat distribution as measured with DXA. 

METHODS

Subjects and design
The Amsterdam Growth and Health Longitudinal Study (AGAHLS), which started in 1976, 
was designed to investigate the development of indicators of growth and health in a cohort of 
Dutch adolescents. For that purpose, 615 healthy boys and girls were recruited from two secon-
dary schools in and around Amsterdam. All participants were born between 1961 and 1965, and 
were residents of the Netherlands. In 2000, at a mean age of 36 years, 376 Caucasian subjects 
(200 women) visited the Vrije Universiteit for assessment of among others anthropometrics and 
DXA. More detailed information about the AGAHLS has been described in previous publica-
tions(19; 22; 23). The Medical Ethical Committee of the Vrije Universiteit Medical centre approved 
the protocol. All subjects gave informed consent.



48

chapter 3

Data collection
A whole body dual-energy x-ray absorptiometry (DXA) scan was performed using the Hologic 
QDR-2000 (S/N 2513; Hologic, Inc., Waltham, MA, USA). With the use of specific anatomic 
landmarks, regions of the head, trunk, arms and legs were distinguished as shown in Figure 
1. Total body fat, fat mass of the trunk, legs and arms (kg) were used for analysis. Fat mass of 
the trunk, further referred to as (CFM), includes both the subcutaneous and the visceral fat of 
this anatomical region. PFM was estimated by the sum of the fat mass of both arms and legs. 
Furthermore, CFM-to-PFM ratio was calculated.

Anthropometric measurements of body height, body mass, waist, hip and skinfolds were per-
formed according to standard procedures(19). BMI was calculated by dividing body mass (kg) by 
body height squared (m2). 

Skinfolds were measured with a Harpenden caliper (Holtain, UK) to the nearest 0.1 
mm according to the recommendations of the International Biological Programme (24). 
Measurements were performed according to standard procedures(25; 26) and with the same instru-
ments throughout the study. Over the entire period of study, one trained examiner performed 
the measurements of the skinfolds. The DXA and skinfolds measurements were done on the 
same day. The correlation coefficients were calculated for every skinfold. For the single skinfolds, 
these reproducibility coefficients were ≥ 0.8.

The following skinfolds were measured: subscapular (SS), suprailiacal (SI), biceps (BI), tri-
ceps (TRI) and upper leg (LEG). Two measurements were performed and the mean was used 
for the analyses. For the assessment of CFM the skinfolds SS and SI and the sum of these were 
used. Several combinations of skinfolds were calculated to assess PFM: BI+TRI +LEG, BI+TRI, 
TRI+LEG, BI+LEG and LEG. The anthropometrics that were correlated best to either central 
or peripheral fat as measured with DXA were used to calculate CFM-to-PFM ratios. In women 
the ratio (SS+SI)]/BMI and in men the ratio waist/(BI+TRI) were calculated. Two other well 
known ratios were used for analysis: SS/(SS+TRI) (20) and SS/TRI (18). Furthermore, the best 
correlated central-to-peripheral skinfold ratio was also analysed (i.e.(SS+SI)/(TRI+LEG)) .

To determine WHR, we measured the circumferences of the waist (at umbilicus height) and 
hip (at the level of widest circumference over the buttocks) with a flexible steel tape to the nearest 
0.1 cm. 

 

Figure 1	Standard	regions	of	a	dual-energy	X-ray	absorptiometry	scan	1,	head;	2,	trunk;	3,	arms;	4,	legs
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Statistical analysis
Data were analysed with a statistical software package (SPSS 11 for windows, SPSS Inc., Chicago, 
IL, USA). Results are given as means ± S.D. The Pearson correlation coefficient (r) was calcu lated 
to estimate the predictive value of various anthropometrics. To assess significance, a P < 0.05 was 
considered to be statistically significant. For multiple comparisons, the significance level was 
adjusted by multiplying the number of comparisons of each DXA measurement according to 
Bonferroni correction(27). Linear regression analysis was used to develop equations containing 
anthropometric measurements which correlate with body fat distribution. The anthropometric 
measures of body fat considered were (the combination of ) skinfolds, waist or hip circumfe-
rence, BMI, WHR, waist-to-length ratio, weight and length; and the DXA measures consi dered 
were CFM and CFM-to-PFM ratio. Selection of variables was done in a forward stepwise fash-
ion with strict variable entry (P <0.05) and elimination criteria (P ≥ 0.05). Comparing R 2 
values of the models obtained from each set assessed the associative value of each set of measure-
ments. Incremental additive value was judged by the increase in R 2 obtained when anthro-
pometric measurements were added to the model. Three types of association  models of CFM 
and CFM-to-PFM ratio were constructed (Table 3). The first type is developed for situations in 
which skinfolds measurements are not available. The second type is the first equation combined 
with the best associative skinfold. The third equation represents the optimal model. All analyses 
were performed separately for males and females. 

RESULTS

Characteristics of the study group are presented in Table 1 and figure 2. Fourteen women and 
eight men refused to undergo DXA measurements, resulting in minor loss of subjects. 

Table 1	Descriptive	statistics	for	age,	height,	body	mass,	body	mass	index	(BMI)	and	waist	to-hip	ratio	

(WHR).		

 

DXA, dual-energy X-ray absorptiometry; CFM, central fat mass; PFM, peripheral fat mass; S.D., standard deviation      

 

Women (n = 200) Men (n = 176)

Mean s.d. Range Mean s.d. Range

Age 36.1 0.7 36.0-37.0 36.0      0.8 35.0-36.0

Height	(m) 1.7 0.0 1.7-1.7   1.8    0.1 1.8-1.9

Body	mass	(kg) 67.9 10.2 60.7-73.2 83.9  10.8 76.5-90.5

BMI	(kg/m2) 23.4 3.3 21.2-24.9 24.8    2.7 22.8-26.4

Waist	(cm) 73.1 8.4 67.4-76.4 85.3    8.0 79.4-90.0

Hip	(cm) 89.1 8.6 82.8-93.7 89.3    7.3 84.1-93.5

WHR 0.8 0.1 0.8-0.8   0.9   0.1 0.9-1.0
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Figure 2 Bar chart of DXA measures and skinfolds thickness in men and women. Values arepresented 

as	means;	DXA,	dual-energy	X-ray	absorptiometry.	$n	=	168	men	and	n	=	186	women.

Women
Table 2 shows the correlation coefficients regarding the anthropometric indices and DXA mea-
surements for both men and women. CFM is highly correlated to the sum of two skinfolds SS 
+SI (r = 0.82), skinfold SS (r = 0.82), BMI (r= 0.82) and waist (r = 0.82). BMI has a good cor-
relation with both CFM and PFM. The CFM-to-PFM ratio, determined by DXA, is correlated 
best to the ratio (SS + SI)/ BMI (r = 0.66) and SS+SI (r = 0.65). The skinfold ratio (SS+SI)/
(TRI+LEG) has a correlation coefficient of 0.62. Just as CFM, PFM shows good correlations 
with anthropometry: BMI (r = 0.85), weight (r = 0.84), BI+TRI (r = 0.82) and BI+TRI+LEG (r 
= 0.82). In contrast, WHR correlates only marginally with any of the DXA ratios.

Men
Just as in women, CFM in men is highly correlated to waist (r = 0.85) and the skinfold SS +SI (r 
= 0.84)(Table 2). In contrast to women, waist/length (r = 0.71) has the highest correlation with 
CFM-to-PFM ratio. Correlations of PFM with anthropometry are slightly lower in men than 
in women; the best relation is found with the same combination of skinfolds as in women: BI + 
TRI + LEG (r = 0.78) and BI+TRI (r = 0.78). As in women, WHR correlates only marginally 
with any of the DXA ratios. 

Anthropometrics
1.	DXA	central	fat	mass	(kg)$

2.	DXA	peripheral	fat	mass	(kg)$

3.	Supra-iliacal	(mm)
4.	Subscapular	(mm)
5.	Triceps	(mm)
6.	Biceps	(mm)
7.	Upperleg	(mm)
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Table 2 Correlation between DXA and anthropometric measurements in women and men

r,	Pearson’s	correlation,		*	P	value	<0.001,		†	P	value	<0.05	and		‡not	significant;		SI,	suprailiacal;	
SS,	subscapular;		TRI,	triceps;		BI,	biceps;		LEG,	upper	leg;		DXA,	dual-energy	X-ray	absorptiometry;	
WHR,	waist-to-hip	ratio;		BMI,	body	mass	index;		CFM,	central	fat	mass;		PFM,	peripheral	fat	mass

 
Linear regression analyses
As shown in Table 3, association models consisting of simple anthropometric measures are a 
good alternative for the measurement of CFM. The optimal model of CFM in women is a com-
bination of waist, BMI, hip circumference and the skinfold SS, which accounted for 82% of the 
variance in CFM measured by DXA (R2 = 0.82). In men, the combination of waist, BMI and 
SS+SI is the best correlation with CFM (R2 = 0.83). In both women and men, a reliable model 
of simple anthropometric measurements, when skinfolds are not available, is the combination of 
waist and BMI (R2 = 0.75 and R2 = 0.77, respectively). The additional variance explained when 
the skinfold SS is added to the models was 4 and 5%, respectively (R2 = 0.79 in women and R2= 
0.82 in men). The optimal model of CFM-to-PFM ratio for women and men is the combina-
tion of the following anthropometrics: the ratio waist/length and the skinfold ratio ((SS+SI)/
(TRI+LEG); R2= 0.50 and R2= 0.56, respectively). Simple, commonly used anthropometric 
measurements, such as waist and BMI, accounts for 30% in women and 38% in men of the 

DXA CFM CFM/PFM PFM

 r r r

Women Men Women Men Women Men

Central anthropometrics

   SS+SI 0.82* 0.84* 0.65* 0.63* 0.61* 0.73*

   SS 0.82* 0.80* 0.62* 0.63* 0.64* 0.62*

   SI 0.72* 0.78* 0.59* 0.56* 0.50* 0.66*

   Waist 0.82* 0.85* 0.54* 0.66* 0.69* 0.68*

Anthropometric ratios

			(SS+SI)/	BMI 0.67* 0.66* 0.39*

			Waist/	(BI+	TRI) -0.48* -0.24‡ -0.48*

			(SS+SI)/	(TRI+LEG) 0.38* 0.39* 0.62* 0.52* 0.02‡ 0.07‡

			SS/TRI 0.30* 0.39* 0.55* 0.48* -0.03‡ 0.12‡

			SS/(SS+	TRI) 0.31* 0.33* 0.34* 0.46* -0.02‡ 0.01‡

   BMI 0.82* 0.81* 0.39* 0.59* 0.85* 0.68*

   WHR 0.21‡ 0.27* 0.28* 0.29* 0.04‡ 0.15‡

			Waist/	length 0.80* 0.82* 0.58* 0.71* 0.64* -	0.48*

 Peripheral anthropometrics

   BI+ TRI+LEG 0.70* 0.61* 0.24† 0.27* 0.82* 0.78*

   BI+ TRI 0.62* 0.52* 0.36* 0.39* 0.82* 0.78*

   TRI+ LEG 0.78* 0.70* 0.16‡ 0.18‡ 0.78* 0.73*

   BI + LEG 0.66* 0.59* 0.23† 0.26† 0.78* 0.74*

   LEG 0.51* 0.44* 0.08‡ 0.13‡ 0.69* 0.73*

   Hip circumference 0.78* 0.81* 0.39* 0.57* 0.78* 0.69*

 Overall Anthropometrics

   Weight 0.77* 0.77* 0.30* 0.44* 0.84* 0.76*

   Length 0.00‡ 0.10‡ -0.17‡ -0.15‡ 0.09‡ 0.27*
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variance in CFM-to PFM ratio measured by DXA. The skinfold ratio (SS+SI)/BMI in women 
and the skinfold ratio (SS+SI)/(TRI+LEG) in men explained a further 17 and 12%, respectively 
(R2= 0.47 and R2= 0.50, respectively). 

Table 3  Association models containing simple anthropometrics correlated with central fat mass and 

body	fat	distribution	(i.e.	central	(CFM)-	to-peripheral	fat	mass	(PFM)	ratio)	measured	with	dual-

energy X-ray absorptiometry.

R2,	explained	variance.		‡Not	significant,		SI,	suprailiacal;		SS,	subscapular,		TRI,	triceps;		BI,	biceps;	
LEG,	upper	leg;		BMI,	body	mass	index

Discussion
The results of this study indicate that, in a population-based cohort of Dutch Caucasians, 
CFM and PFM measured by DXA were highly correlated with central and peripheral skinfolds, 
respectively. Waist circumference is a good alternative for the assessment of CFM measured by 
DXA. In addition, BMI and weight had a good correlation; however, these measures do not 
differen tiate between central or peripheral fat measured by DXA. The ratio (SS+SI)/BMI ratio 
in women and the ratio waist/length ratio in men are the best anthropometric alternative for 
CFM-to-PFM ratio. WHR does not seem appropriate for the measurement of body fat mass. 
Equations based on several anthropometric variables are correlated with CFM, PFM and CFM- 
to PFM ratio even better.  

For the determination of central adiposity, DXA CFM is most commonly used. Clearly, DXA 
CFM is related with cardiovascular factors(2; 9; 28). Commonly used standards for defining central 
versus peripheral adiposity do not yet exist.

Central and peripheral measurements and, to a lesser extent, DXA ratios are often used for 
the determination of fat distribution(2; 4; 5; 9; 29). Due to the importance of body fat distribution, 

R2

CFM 
Women                                                                                                     

-18.53 + 0.20 waist + 0.51 BMI 0.75

-12.90	+	0.13	waist	+	0.36	BMI	+	0.23(SS) 0.79

-17.67	+	0.13waist	+	0.16	BMI	+	0.11hip	circumference+	0.20(SS) 0.82

Men

-33.00 + 0.34 waist + 0.48 BMI 0.77

-25.40	+	0.25	waist	+	0.32	BMI	+	0.31(SS) 0.82

-22.80	+	0.22	waist	+	0.31	BMI	+	0.16	(SS+SI) 0.83

CFM/PFM
Women                                                                                                     

waist + BMI 0.30‡

-0.21	+	0.01	waist	+	0.25	((SS+SI)/BMI) 0.47

-0.17	+	1.35	(waist/length)	+	0.37	((SS+SI)/(TRI+LEG)) 0.50

Men

-1.25	+	0.01	waist	+	0.04	BMI† 0.38‡

-1.17	+	0.02	waist	+	0.22((SS+SI)/(TRI+LEG)) 0.50

-1.42	+	4.36	(waist/length)	+	0.20((SS+SI)/(TRI+LEG)) 0.56
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specifically central in relation to peripheral fat, the use of DXA ratios does seem interesting. 
Moreover, several studies showed correlations of DXA ratios with cardiovascular risk factors(5; 17).
DXA derived ratios in this study were aimed at partitioning trunk fat from the remainder of the 
body. The ratio (trunk/(arms+legs)) segments the body into central and peripheral portions.

Traditionally, skinfold thickness has been used for the assessment of body composition. 
Central skinfolds, mainly the SS skinfolds(30), are positively linked to cardiovascular risk factors 
in contrast to peripheral skinfolds, which are negatively related to cardiovascular disease(31; 32). 
Skinfold ratios have been widely used for the assessment of fat distribution(17; 19; 20; 33) and cor-
relate well with several factors of cardiovascular disease(18). Our study shows that these skinfold 
ratios are moderately correlated with CFM-to-PFM ratio, as measured with DXA. As far as we 
know, the specific skinfold ratio (SS+SI)/ BMI, which we found to be the best anthropometric 
alternative for CFM-to-PFM ratio, has not yet been correlated with cardiovascular disease. The 
possible usefulness in the context of a relationship with cardiovascular disease needs to be shown 
in future studies. So far, each of the individual parameters of which this ratio consists are related 
to cardiovascular risk factors. 

Weight, which is easy to measure and investigator independent, does not make any dif-
ferentiation between CFM and PFM. Moreover, weight alone does not represent a person’s body 
fat mass if there is not taking length into account. BMI, WHR and waist circumference are all 
markers of body composition and therefore considered as predictive measures for cardiovascular 
disease. BMI, a ratio of weight and length, is often used and assumed to represent the degree 
of body fat (and muscle in adolescents), but does not capture body fat distribution (34). In 
particular WHR is considered the traditional anthropometric technique for assessing CFM-to-
PFM ratio(12). It is widely used and established in cross-sectional(35), longitudinal(36) and inter-
vention studies, and it is a robust predictor of disease risk and mortality(35; 37; 38). In this context 
WHR, rather than BMI, has therefore recently been recommended for the assessment of body 
fatness(38). However, in the present study we could not validate WHR against DXA data for the 
distribution of body fat. The likely explanation for this is that WHR, being largely dependent 
on pelvic bone structures, contains variability that makes differentiation between distribution 
of fat and fat-free tissues less accurate and thus less reliable(39; 40). In this context the importance 
of waist instead of WHR has recently been recognized(29; 41; 42). Remarkably, the waist circumfe-
rence, however, is not always a stronger predictor of cardiovascular risk than the WHR(43). In the 
present study the waist indeed showed good relation with CFM.

Skinfolds and waist circumference are easy to perform in daily practice, cost effective, 
non-invasive, not time consuming and widely applicable, especially for large cohort studies. 
Moreover, with respect to skinfolds, different sites of the body can be measured, which is an 
advantage in the assessment of body fat distribution. 
A limitation of the present study is that mostly lean persons (BMI ≤ 25) were measured (151 
women and 101 men), who might have not an increased risk of cardiovascular diseases because 
of their weight. However, people with a BMI in the normal weight range can still be at increased 
risk of metabolic disturbances if WHR or waist circumference is increased. To obtain an impres-
sion whether the results could be applicable to an overweight population, the analyses where 
done on a subset of individuals (BMI between 25 and 30, n= 99 (36 women)). Just as in the 
entire cohort, in over weighted women, DXA CFM was highly correlated with central skin-
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folds (SS+SI; r =0.84)). Peripheral skinfolds correlated slightly less with DXA PFM (BI+TRI; 
r =0.69), whereas the skinfolds ratios were correlated slightly higher with DXA ratio ((SS+SI)/
(TRI+LEG); r =0.72). In overweight men, DXA CFM was highly correlated with waist circum-
ference (r =0.83). Of the skinfolds measurements SS+SI had the highest correlation r = 0.69. 
The waist/length ratio in men was again the best anthropometric alternative for CFM-to-PFM 
ratio (r =0.69). As in the entire cohort, WHR does not seem appropriate for the measurement of 
body fat mass distribution (r ≤ 0.4). 
Since our study was underpowered for the purpose of the prediction of body fat distribution in 
an obese population (BMI > 30), this needs further investigation.

Another limitation of the study is that the study group was Caucasian. Ethnic variation of 
body fat distribution is well known. Black women, for example, have more bone and muscle 
mass, but less fat, as a percentage of body weight, than white women, after controlling for eth-
nic differences in age, body weight, and height(44). Therefore, heterogeneity of waist circumfer-
ence(45) and skinfold(46) cut-off points have been reported. Conclusions derived of the present 
study should only be used in Caucasian populations.

It should be noticed that our results are applicable on population level. Since DXA is expressed 
in kilograms and skinfolds in millimetres, the Bland-Altman analysis with standardized S.D. of 
DXA and anthropometrics, to circumvent problems with different units of the measurements, 
will not gain more information than a Pearson’s correlation(47). In conclusion, our study suggests 
that for predicting central and peripheral body fat mass, anthropometric measurements such 
as waist circumference and skinfolds are good alternatives in large epidemiological studies that 
do not allow application of DXA or CT. In daily practice, for the assessment of CFM-to-PFM 
ratio, the ratio (SS+SI)/BMI in women and the waist/length in men are the best alternatives. 
According to our study, WHR should not be used to determine fat distribution. These findings 
might improve the prediction of diabetes and cardiovascular risk in men and women in future 
studies. Therefore longitudinal data must be collected to establish the value of waist circumfe-
rence and skinfold thickness.
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ABSTRACT 

Objective Hyper- and hypoestrogenism that persist for a long time can affect vascular 

and metabolic function. However, it is not clear whether the same is true for subtle 

sex hormones changes, i.e. during the menstrual cycle.

Methods Twenty-one healthy normal weight women with regular cycles were studied 

during	the	early-follicular	(day	3	±	2),	late-follicular	(day	12±	2)	and	mid-luteal	(day	

20	±	3)	phases.	Microvascular	function	was	assessed	by	skin	ion¬tophoresis	of	ace-

tylcholine	(ACh)	and	sodium	nitroprusside	(SNP),	by	skin	capillary	recruitment	after	

arterial	and	venous	occlusion	(i.e., capillaroscopy) and by Fourier analysis of resting 

skin	laser	Doppler	flow	at	rest	(i.e.,	vasomotion).	Insulin	sensitivity	(i.e., homeostasis 

model assessment) and blood pressure were also determined during the study days. 

Results Three women were excluded from analyses because they were anovulatory. 

Skin microvascular responses to ACh and SNP, capillary function, vasomotion, insu-

lin	sensitivity	and	blood	pressure	did	not	differ	between	the	three	phases	(P≥0.1). 

Further,	microvascular	function	did	not	correlate	with	plasma	estrogen	levels	(r=	

-0.06-0.2	(P	≥ 0.2)).

Conclusion Microvascular function does not demonstrate a clear menstrual-cycle-

dependent variation. 
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INTRODUCTION

The influence of female sex hormones on vascular and metabolic function is complex and not 
fully understood. However, there is clear evidence that hyper- and hypoestrogenism that persist 
for a long time, for example during pregnancy, hormone (replacement) therapy or the post-
menopause, can affect vascular and metabolic function(1; 2).

Studies investigating changes of vascular and metabolic function when subtle sex hormones 
changes are present, i.e. during the menstrual cycle, have been inconclusive(3-10). For example, 
estrogens may stimulate vasodilatation by increasing endothelial and smooth muscle nitric oxide 
(NO) production(11; 12). However, endothelium-dependent vasodilation, when measured at dif-
ferent times of the menstrual cycle, did not correlate with estrogen levels. A possible explanation 
for this is antagonism by other systems, for example by activation of the renin-angiotensin-
aldosterone system (RAAS) during the luteal phase(13). Yet, cycle-dependent variation has been 
reported for NO production(14) and NO synthase (NOS) activity(15), and levels of vascular endo-
thelial growth factor (VEGF)(16), thromboxane(17), endothelin(18) and homocysteine(19). 

We and others have shown that microvascular function is an important determinant of insu-
lin-mediated glucose disposal (a key metabolic function), and that microvascular dysfunction 
may contribute to insulin resistance and diabetes by limiting the timely access of glucose and 
insulin to their target tissues(20-24). In addition, microvascular dysfunction is thought to play a 
role in the development of hypertension by raising peripheral vascular resistance(25-29). 

Whether microvascular function shows a clear variation during the menstrual cycle is not 
known. Previous studies demonstrated contradictory results with regard to microvascular cho-
linergic vasodilation(30; 31). In addition, other microvascular responses, such as capillary function 
and vasomotion, have, to the best of our knowledge, not been assessed in this respect.

To investigate this, we assessed, at different times during the menstrual cycle in healthy 
ovulatory women, microvascular function using skin as a model, and measured microvascu-
lar responses to acetylcholine (ACh)(endothelium-dependent) and sodium nitroprusside(SNP)
(endothelium-independent) as well as capillary function and vasomotion.  

MATERIALS AND METHODS 

Subjects
Twenty-one healthy Caucasian, nonsmoking, normal weight (body-mass index (BMI) ≤ 25 kg/
m2) women were recruited. All subjects had regular ovulatory (proven by biphasic basal tempera-
ture curve) menstrual cycles of 21-35 days. All were healthy, as judged by medical history, had 
normal fasting glucose levels, and were nondiabetic(32) and normotensive (< 140/90 mm Hg) as 
determined by triplicate office blood pressure measurement. None had used any medication, 
including oral contraceptives, or had a hormonal intra-uterine device (IUD) in situ for the last 
three months, and none were pregnant. Participants were recruited through advertisements. The 
study was approved by the Medical Ethical committee of the VU University Medical Center 
(Amsterdam, The Netherlands) and all participants signed an informed consent.
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The sample-size calculation was based on the reported differences in ACh- mediated vasodila-
tion between lean women and obese women (increase: 127.5±48.9 versus 80.8±40.9 PU)(33). 
We arbitrarily considered 75% of this difference (i.e. 46.7 PU) as potentially physiologically 
meaningful. In order to detect such difference, a sample size of 18 subjects will give a power of 
80% and alpha of 0.05.

Study design
All subjects were studied at three phases during the menstrual cycle, corresponding to early fol-
licular (EF; day 3 ± 2), late follicular (LF; day 12± 2) and luteal (L; day 20 ± 3) phases (day 1 
was defined as the first day of the menstruation). These phases were determined on the basis 
of pre vious cycle length and the time of menstruation, under the assumption that luteal phase 
duration is 14 days. In addition, for optimal timing of the measurements, each subject was asked 
to fill in a basal temperature curve during the menstrual cycle. Next, on each investigation day, a 
fasting blood sample was taken for measurement of estradiol (E2), follicle-stimulating hormone 
(FSH), luteinizing hormone (LH) and progesterone to confirm cycle phase. 

All participants came to the clinic after a 10-h overnight fast. They were asked to refrain from 
caffeine and alcohol-containing bevera¬ges for 10h preceding the tests. All microvascular experi-
ments, as detailed below, were conducted in a quiet, temperature-controlled (23.4 ± 0.4 ºC) 
room after 30 minutes of acclimatization.  

Skin microvascular responses to acetylcholine and sodium nitroprusside 
Microvascular endothelium-(in)dependent vasodilatation was evaluated by ion¬tophoresis 
of ACh and SNP in combination with laser Doppler fluxmetry (Periflux 5010, Perimed, 
Stockholm, Sweden) in the skin, as described previously (21;22). ACh (1% Michol; IOLAB, 
Bourneville Pharma, The Netherlands) was delivered on the proximal-phalanx of the third fin-
ger of the non-dominant hand using an anodal current. Delivery consisted of seven doses (0.1 
mA for 20 seconds) with a 60-second interval between each dose. SNP (0.01% Nipride; Roche, 
Woerden, The Netherlands) was delivered on the same spot of the fourth finger, using a cathodal 
current, consisting of nine doses (0.2 mA for 20 seconds) with a 90-second interval between 
each dose. Because responses to vehicle are known to be negligible, compared to responses to 
ACh and SNP(20), we refrained from doing vehicle control studies. The intraobserver coefficient 
of variation was 15.2±10.8% for ACh-mediated vasodilation (increase of 160.5±53.0 (first mea-
surement) and 169.4 ± 60.6 PU (second measurement)) and 16.6±10.7% for SNP-mediated 
vasodilation ( increase of 131.6 ± 52.9 (first measurement) and 123.8 ± 54.7 PU (second mea-
surement)), as determined in eight individuals on two separate days. Increases, i.e. the abso-
lute maximal change from baseline, of the blood flow responses to ACh and SNP, respectively, 
were used for further analyses. In addition, for the high estrogenic phase (i.e., late follicular and 
luteal), the mean of late follicular and luteal phase measurements were used for comparing with 
measurements of low estrogenic phase (i.e., early follicular).

Capillary function
Nailfold capillary studies were performed, as described previously(20; 22; 25; 26). Briefly, nailfold cap-
illaries in finger skin were recorded before and after four minutes of arterial occlusion with a 
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digital cuff. This procedure was performed twice, and the mean of both measurements was used 
for analyses. We estimated baseline capillary density by counting the number of continuously 
erythrocyte-perfused capillaries during a 15-second period. Other capillaries can be seen to be 
intermittently perfused, and these may represent an important functional reserve. We used post-
occlusive reactive hyperemia to estimate this functional reserve. Postocclusive capillary recruit-
ment was calculated by dividing the increase in density by the baseline density (i.e. percent 
increase). The intraobserver coefficient of variation of postocclusive capillary recruitment was 
15.9±8.0 %, as determined in six individuals on two separate days. Further, we applied venous 
congestion, with the digital cuff inflated to 60 mm Hg for 60 seconds, to expose a maximal num-
ber of nonperfused capillaries. Using the same visual fields that were used during postocclusive 
reactive hyperemia, the capillaries were counted in the 60-second recordings. The intraobserver 
coefficient of variation of the percentage increase in capillary density during venous congestion 
was 15.8±13.7 %, as determined in six individuals on two separate days. In addition, for the 
high estrogenic phase, the mean of late follicular and/ or luteal (if available) measurements were 
used for comparing with measurements of low estrogenic phase.

Skin microvascular vasomotion
Skin blood flow was measured during 15 minutes in each of the three different phases of the 
menstrual cycle, with the laser Doppler probe positioned at the dorsal side of the wrist of the 
non-dominant arm. A band-pass filter with cut-off frequencies at 20 Hz and 20 kHz, and a time 
constant of 0.2 seconds, was selected. Fast Fourier analyses were performed, as described previ-
ously(33). Briefly, the frequency spectrum between 0.1 and 1.6 Hz was divided into five frequency 
intervals: 1) 0.01-0.02 Hz, which is thought to contain local endothelial activity; 2) 0.02- 0.06 
Hz, which is thought to contain neurogenic activity; 3) 0.06-0.15 Hz, which is associated with 
the myogenic response of the smooth muscle cells in the vessel wall; 4) 0.15- 0.4 Hz, which is 
the frequency interval of respiratory function; and 5) 0.4- 1.6 Hz, which contains the heart beat 
frequency.

Blood pressure 
Blood pressure and heart rate were non-invasively determined (Colin Press-Mate BP-8800, 
Colin, Komaki City, Japan). The dominant arm was used for blood pressure measurement, with 
an appropriately sized cuff. After 15 minutes of acclimatization, blood pressure and heart rate 
were measured nine times with a five-minute interval before (three times) and after the micro-
vascular function measurement (six times). 

Laboratory measurements
Blood was collected in the fasting state. All serum samples were immediately centrifuged at 4ºC 
and stored at -80 ºC. An immunometric assay (Delfia; Wallac, Turku, Finland) was used to mea-
sure LH and FSH in serum. E2 levels were measured by using a radioimmunoassay with double 
antibody (Diasorin, Saluggia, Italy). A competitive immunoassay with luminescence was used 
to measure progesterone (Abbott Laboratories Diagnostic Division Abbott Park, Illinois, USA). 
Insulin was measured by using an immunometric assay with luminescence (Bayer Diagnostics, 
Mijdrecht, Netherlands). The interassay coefficient of variation was below 5% and the intra-
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assay coefficient of variation was below 10%. Glucose was measured with the hexokinase method 
(Roche Diagnostics, Mannheim, Germany). The inter- and intra-assay coefficients of variation 
were both below 2%. Insulin sensitivity in the fasting state was assessed by using homeosta-
sis model assessment (HOMA) and was calculated with the following formula: fasting plasma 
glucose (mmol/L) × fasting serum insulin (mU/l) divided by 22.5(34). All laboratory assays were 
performed in the clinical chemistry/ endocrine laboratory of the VU University Medical Center.

Statistical analyses 
All analyses were performed with SPSS 15.0 (SPSS, Inc., Chicago, Illinois, USA). All data are 
presented as mean ± standard deviation. The distribution of variables was tested for normality. 
Increases in ACh- en SNP-vasodilatation were log-transformed to achieve normality of distri-
bution. Comparisons of measurements in the three phases of menstrual cycle were performed 
using General Linear Model (GLM) for repeated measurements. When the assumption of sphe-
ricity was violated the adjusted P-value (Greenhouse-Geisser) was used. For testing differences 
between low (i.e., early follicular) estrogenic phase vs. high (i.e., late follicular plus luteal) estro-
genic phase, a paired samples t-test was performed. Pearson’s correlation for normal distributed 
data or log-transformed data were calculated to estimate the correlation between microvascular 
responses and estrogen levels. A probability value of P<0.05 was considered significant.

RESULTS

Baseline characteristics
Women were 23.7 ± 4.7 years old and had a normal weight (BMI 22.3 ± 1.7 kg/m2). However, 
three women were excluded because, at the time of measurements, they had not had an ovula-
tion, as proven by a low progesterone level (< 2.0 nmol/L). Table 1 shows hormonal, heart rate 
and blood pressure measurements during the three phases of the menstrual cycle. The mean 
length of menstrual cycles was 29±2.6 days. All women menstruated during the early follicular 
phase. E2, progesterone, LH, and FSH levels were consistent with the predicted cycle phase.  
Progesterone levels were significantly higher in the luteal phase, as compared with the early- 
and late-follicular phase (P<0.001), confirming that ovulation had occurred. In addition, a sig-
nificant increase in LH was observed in the late follicular phase (i.e., near ovulation) (P<0.001). 
Finally, a significant (P=0.001) decrease in FSH, as a consequence of negative feedback of the 
elevated estrogens, was observed in the luteal phase.
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Table 1 Characteristics of healthy women in the three phases of the menstrual cycle. 

a		Compared	with	all	other	phases.	Data	are	expressed	as	mean	±	standard	deviation	(P-value	based	on	GLM	
for	repeated	measurements).	HOMA,	homeostasis	model	assessment;	LH,	luteinized	hormone;	FSH,	
follicle-stimulating hormone.

Skin microvascular responses to ACh and SNP
Baseline perfusion before ACh vasodilation (EF 17.5±8.4, LF 18.3±9.1 and L 15.0±7.6 PU, 
P=0.12) or SNP vasodilation (16.1±7.8, LF17.2±9.3 and L 15.0±9.1 PU, P= 0.40) did not 
differ among the three phases of the menstrual cycle. Figure 1 shows median with interquartile 
range for microvascular responses (i.e., maximal change from baseline) to ACh and SNP at the 
three points during the menstrual cycle. Skin microvascular responses to ACh and SNP did not 
differ among the three phases of the menstrual cycle (P=0.4 and 0.7, respectively). Skin micro-
vascular response to ACh and SNP also did not differ in the low estrogenic phase, as compared 
with the high estrogenic phase (see Figure 1) (P=0.9 and 1.0, respectively). In addition, there was 
no correlation between ACh- or SNP-responses and estrogen levels (r=-0.06 (P=0.7) and r=-0.10 
(P=0.5, respectively). 

Characteristics
Early Follicular

(day	3±2)
Late Follicular
(day	12±2)

Luteal
(day	20±3)

P-value

N 18 18 18

Serum	estradiol	(pmol/liter) 86.6	±	39.6a 358.4	±	345.9 316.1	±	128.4 0.003

Serum	progesterone	(nmol/liter) <2.0 <2.0 29.6	±	21.2a <0.001

Serum	FSH	(IU/liter) 4.8	±	1.5 5.0	±	1.5 3.3	±	1.3a 0.001

Serum	LH	(IU/liter) 4.5	±	1.8 6.7	±	3.4a 4.2	±	2.6 <0.001

Serum	glucose	(mmol/L	) 3.9	±	0.8 4.1	±	0.4 4.2	±	0.5 0.16

Plasma	insulin	(pmol/L) 43.0	±	28.0 41.8	±	16.1 47.4	±	18.4 0.81

HOMA	(mmol/L	x	mU/l) 1.1	±	0.6 1.1	±	0.5 1.3	±	0.6 0.43

Systolic	blood	pressure	(mmHg) 109.5	±	7.7 109.6	±	7.8 110.3	±	9.4 0.83

Diastolic	blood	pressure	(mmHg) 62.0	±	5.3 61.4	±	5.4 60.4	±	4.7 0.17

Heart	rate	(bpm) 68.3	±	6.8 69.7	±	7.8 69.3	±	7.5 0.49
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Box-and-whisker	plots	show	median,	interquartile	range	and	range.		EF,	early	follicular;		LF,	late	follicular;	
L,	luteal	phase;		ACh,	acetylcholine;		SNP,	sodium	nitroprusside;		E2,	estrogens

Figure 1 Box-and-whisker plots of the microvascular responses to acetylcholine and sodium nitro-

prusside	in	the	early,	late-follicular	and	luteal	phase	(in	the	upper	two	panels)	and	in	the	low	estrogen-

ic	(i.e.,	early	follicular),	as	compared	with	high	estrogenic	(i.e. late follicular and luteal), phase 

(in	the	lower	two	panels).	

Skin capillary function 
Postocclusive capillary recruitment and increase after venous congestion did not differ between 
the three phases of the menstrual cycle (P=0.9 and 0.1, respectively)(data were available for 12 
women because of six women data could not be analyzed because of technical problems with 
counting of the capillaries)(Figure 2). Postocclusive capillary recruitment and increase after 
venous congestion also did not differ in the low-estrogenic, as compared with the high-estrogen-
ic, phase (see Figure 2)(P= 0.8 and 0.1, respectively)(data were available for 15 women because 
of three women for whom data could not be analyzed because of technical problems with coun-
ting of the capillaries). In addition, the correlation between estrogen levels and postocclusive 
capillary recruitment was r=0.08 (P=0.6); the correlation between estrogen level and capillary 
increase after venous congestion was r=-0.02 (P=0.9). 
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Box-and-whisker	plots	show	median,	interquartile	range,	and	range.		EF,	early	follicular;		LF,	late	follicular;	
L,	luteal	phase;		E2,	estrogens.

Figure 2 Box-and-whisker plot of postocclusive capillary recruitment and increase after venous conges-

tion	the	in	the	early,	late	follicular	and	luteal	phases	(in	the	upper	two	panels)	and	in	low	estrogenic	

(i.e.	early	follicular),	as	compared	with	high	estrogenic	(i.e.	late	follicular	and	luteal),	phase	(in	the	

lower two panels). 

Skin microvascular vasomotion
Table 2 demonstrates the contribution of different frequency intervals in microvascular vasomo-
tion across the three phases of the menstrual cycle. The energy of the total frequency spectrum 
0.01-1.6 Hz and of the different frequency intervals did not differ among the three phases of 
the menstrual cycle (P ≥ 0.6). In addition, the correlation between estrogen levels and the total 
frequency or different frequency intervals ranged between r = -0.120 and 0.03 (P ≥ 0.4). 
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Table 2 The contribution of the energy density in the different frequency intervals to microvascular 

vasomotion across the three phases of the menstrual cycle.

Data	are	expressed	as	mean±standard	deviation	(P-value	based	on	GLM	for	repeated	measurements).

Blood pressure measurements
Measurements for systolic blood pressure, diastolic blood pressure, and heart rate are shown in 
Table 1. Blood pressure and heart rate did not differ among the three phases of the menstrual 
cycle (P≥ 0.1).

Insulin sensitivity 
Fasting serum glucose, plasma insulin, and the calculated HOMA are shown in the three diffe-
rent phases in Table 1. There were no significant differences in insulin sensitivity among the 
three different phases (P=0.43). 

DISCUSSION

The present study shows that, in healthy ovulatory women, microvascular responses (i.e. endo-
thelium- (in)dependent vasodilation, capillary function and vasomotion), do not demonstrate 
a clear menstrual cycle-dependent variation. In addition, circulating estrogen concentrations 
du ring the menstrual cycle did not correlate with any of these microvascular responses. The 
latter finding is consistent with results of previous studies which also were not able to correlate 
variation in micro- and macrovascular responses with that in circulating estrogen levels during 
the menstrual cycle(35;36).  

A normal menstrual cycle begins with the early follicular phase, i.e. a low estrogenic phase. 
This period starts with the menstruation and is followed by the late follicular phase, which starts 
with a progressive increasing E2 and ends at ovulation. Progesterone levels are low in the follicu-
lar phase. The second phase of the cycle is the luteal phase with high estrogenic and progesterone 

Vasomotion Early follicular
(day 3±2) 

Late follicular 
(day 12±2)

Luteal 
(day 20±3)

P-value

N 18 18 18

0.01 - 0.02 Hz
   Local endothelial activity

1.3±0.7 1.1±0.8 1.2±0.7 0.7

0.02 - 0.06 Hz
   Neurogenic activity

1.0±0.5 1.0±0.6 0.9±0.5 0.8

0.06 - 0.15 Hz
   Myogenic response of smooth

   muscle cells in vessel wall

0.5±0.4 0.5±0.3 0.5±0.4 0.9

0.15 - 0.40 Hz
   Respiratory Function

0.2±0.1 0.2±0.1 0.2±0.1 1.0

0.40 – 1.60 Hz
   Heart beat frequency

0.09±0.04 0.10±0.06 0.10±0.07 0.6

Total Hz 3.1±1.6 2.9±1.7 2.9±1.5 0.9
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levels after the ovulation and followed by the next menstruation(37). These hormonal changes 
thus do not seem to affect microcirculatory function.

Skin microvascular responses to acetylcholine and sodium nitroprusside
In contrast to our study and that of Clifton et al.(38), Williams et al. demonstrated that microvas-
cular responses to ACh were enhanced in the late follicular phase and the late luteal phases(39). 
The discrepancy with the results of the present study may be due to methodological differences, 
as Clifton et al. and we measured blood flow after multiple ACh administrations (six doses at a 
current of 0.06 mA for 30 seconds per dose and seven doses of ACh at a current of 0.1 mA for 
20 seconds per dose, respectively), while Williams et al. administered ACh once at a current of 
0.04 mA for 30 seconds per dose and then quantified the change in blood flow(40; 41). We have 
observed that some individuals do not react immediately after a single dose of ACh or SNP, but 
require several doses to affect blood flow. Thus, the response to repeated administration of ACh 
does not appear to vary with the menstrual cycle, but we cannot exclude that the response to a 
single administration of ACh may show such variation. 

Skin capillary function, insulin sensitivity and blood pressure
To the best of our knowledge, the question of whether there exists a menstrual-cycle-dependent 
variation in capillary responses to reactive hyperemia and to venous congestion has not been 
addressed before. We have previously shown that the capillary response to reactive hyperemia is 
impaired in obesity and in essential hypertension, and that this impairment may contribute to 
impaired insulin-mediated glucose uptake (i.e., insulin resistance) and to higher blood pressure 
in both these conditions(20; 25-27; 42). The present data (i.e., no cycle-dependent variation in capil-
lary responses) thus are consistent with the fact that we also found no cycle-dependent variation 
in insulin sensitivity or blood pressure. 

Our data on insulin sensitivity may be criticized, as we used a relatively crude measure 
(HOMA), rather than the gold standard (i.e., the euglycemic, hyperinsulinemic clamp tech-
nique). Nevertheless, although the literature on cycle-dependent variation in insulin sensitivity 
is not completely consistent(43-49), importantly, studies that have used the euglycemic hyperinsu-
linemic clamp technique have been consistent in showing no significant differences in insulin 
sensitivity between follicular and luteal phases(50-52). 

Several studies have used ambulatory blood pressure monitoring, a more sensitive method 
than the one we used, to examine whether there is a cycle-dependent variation of blood pres-
sure(53-59). Some studies observed a significantly higher systolic blood pressure(60; 61) during the 
luteal, as compared with the follicular, phase, whereas others found no differences(62-66). A limita-
tion of some of these studies(67-69) is that they obtained measurements in the follicular and luteal 
phases only and not in the late follicular phase, which may have masked some variation of blood 
pressure. Regardless of whether a cycle-dependent variation of blood pressure exists, our data sug-
gest that such variation (if any) is unlikely to be caused by variation in microcirculatory function. 

The fact that the capillary response to venous congestion also showed no variation during the 
menstrual cycle is consistent with the concept that this measure reflects all anatomically existent 
capillaries(26; 70), which by definition is not expected to vary during short periods of time.  
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Skin microvascular vasomotion
Beside the characteristics of the capillaries itself, it should be recognized that the precapillary 
network can modify insulin deliverance and microvascular pressure by rhythmic changes of the 
diameters of arterioles(22; 33; 71). This so-called microvascular vasomotion may partly determine 
peripheral vascular resistance and delivery of insulin and glucose to muscle, and thus regulate 
blood pressure and insulin sensitivity. How microvascular vasomotion is regulated is not pre-
cisely known, but Fourier analysis of the laser Doppler signal has suggested the existence of a 
number of mechanisms (see Table 2). To the best of our knowledge, no data on variation in skin 
microvascular vasomotion during the menstrual cycle have been reported. In the current study, 
we demonstrate consistency in no cycle-dependent changes of microvascular vasomotion or any 
of its different frequency intervals in the three phases of the menstrual cycle.  

Potential other cycle- dependent variation in vascular function
If a clear cycle-dependent variation should exist, the practical consequence of such a finding is 
that microvascular studies would need to be standardized with regard to the menstrual cycle. We 
emphasize that because we did not find any variation in microvascular function, this does not 
imply that there are no changes in any of the determinants of that function(72-77). For example, it 
is possible that during the hyperestrogenic phase NO production increases, but that this is coun-
terbalanced by an increase in the activity of the renin-angiotensin-aldosterone system(78). Such 
possibilities require further study.

Limitations of the present study
This study had several limitations. First, although muscle tissue is the main peripheral site of 
insulin- mediated glucose uptake and vascular resistance, we studied skin – and not muscle – 
microvascular function, because, in skin, iontophoresis can be applied non-invasively. However, 
comparable insulin-mediated metabolic and microvascular effects can be demonstrated in skin 
and muscle(22). In addition, skin microvascular function is associated with blood pressure(79), and 
hypertension is characterized by defects in both muscle and skin microvascular function(25; 29). 
Thus, the study of skin microvascular function seems a reasonable model of muscle microvas-
cular function. Second, the small sample size of the present study may have led to type 2 errors, 
especially because microvascular measurements have a relatively large variability(20), so that small 
differences may have been missed. However, power calculations suggested that we studied a suf-
ficient number of individuals to account for this. Finally, we studied young Caucasian women, 
and our results cannot necessarily be extrapolated to other ethnicities or age groups.  

Conclusion
In summary, the present study demonstrates that microvascular responses do not have a clear 
cycle-dependent variation in healthy ovulatory women. In addition, there is no clear influence of 
changing estrogen levels throughout the menstrual cycle on these responses. 

Further research is needed to elucidate the role of hormonal influences on vascular and meta-
bolic responses in women with menstrual cycle disturbances (e.g. women with polycystic ovary 
syndrome) in whom ovulatory disturbances result in prolonged estrogen exposure, which might 
influence vascular function(80).
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ABSTRACT

Context	Polycystic	ovary	syndrome	(PCOS)	and	obesity	are	associated	with	diabetes	

and cardiovascular disease, but it is unclear to what extent PCOS contributes inde-

pendently of obesity.

Objective The objective of the study was to investigate whether insulin sensitivity and 

insulin’s	effects	on	the	microcirculation	are	impaired	in	normal-weight	and	obese	

women with PCOS. 

Design and population	Thirty-five	women	with	PCOS	(19	normal-weight	and	16	

obese)	and	27	age-	and	BMI-matched	controls	(14	normal-weight	and	13	obese)	were	

included.	Metabolic	Insulin	sensitivity	(isoglycemic-hyperinsulinemic	clamp)	and	

microvascular	insulin	sensitivity	(endothelium-dependent	(acetylcholine	(ACh))	and	

endothelium-independent	(sodium	nitroprusside	(SNP))	vasodilation	with	laser	

Doppler flowmetry was assessed at baseline and during hyperinsulinemia.

Main outcome measures	Metabolic	insulin	sensitivity	(M/I	value)	and	the	area	under	

the response curves to ACh and SNP curves were measured to assess microcirculato-

ry	function	at	baseline	and	during	insulin	infusion	(microvascular	insulin	sensitivity).

Results Obese women were more insulin resistant than normal-weight women 

(P<	0.001),	and	obese	PCOS	women	were	more	resistant	than	obese	controls	

(P=0.02).	In	contrast,	normal-weight	women	with	PCOS	had	similar	insulin	sensiti-

vity, compared to normal-weight women without PCOS. Baseline responses to ACh 

showed no difference in the four groups. ACh responses during insulin infusion were 

significantly greater in normal-weight PCOS and controls than in obese PCOS and 

controls. PCOS per se had no significant influence on ACh responses during insulin 

infusion. During hyperinsulinemia, SNP-dependent vasodilatation did not significant-

ly increase, compared with baseline in the four groups. 

Conclusion PCOS per se was not associated with impaired metabolic insulin 

 sensitivity in normal-weight women but aggravates impairment of metabolic insulin 

sensitivity in obese women. In obese but not in normal-weight women, microvascular 

and metabolic insulin sensitivity are decreased, independent of PCOS. Therefore, 

obese PCOS women in particular may be at increased risk of metabolic and cardio-

vascular diseases. 
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is associated with an increased risk of diabetes and cardio-
vascular disease(1; 2). In part, this may be due to the fact that PCOS is often associated with 
obesity(3). Obesity itself is usually accompanied by insulin resistance, hypertension and impaired 
microvascular function(4), and these are thought to be important pathways through which obe-
sity increases the risk of diabetes and both large-artery and small vessel disease.

However, a substantial number of women with PCOS are not obese. Therefore, the question 
arises whether such women are also at a greater risk of diabetes and cardiovascular disease, i.e. 
whether PCOS increases these risks independently of the presence of obesity. Similarly, in obese 
women with PCOS, the question remains whether the risks conferred by obesity and PCOS are 
additive.

To gain more insight into these issues, we studied insulin sensitivity and microvascular func-
tion (including the microvascular response to insulin) in normal-weight and obese women with 
and without PCOS. Microvascular dysfunction in particular may contribute to: 1) hyperten-
sion by raising peripheral vascular resistance and large artery stiffness(5; 6); 2) insulin resistance 
and diabetes by limiting the timely access of glucose and 3) insulin to their target tissues(7; 8); 
and to cardiovascular diseases that are in part caused by microangiopathy, such as heart failure 
and nephropathy(9; 10). Insulin resistance and microvascular dysfunction are thus thought to be 
important pathways linking obesity and PCOS to cardiovascular diseases(4; 11; 12). Normally, insu-
lin increases nitric oxide synthesis at the site of the endothelium of the microcirculation and 
causes vasodilation in the skeletal muscle of healthy individuals(13). Insulin also enhances endo-
thelium-dependent vasodilation induced by acetylcholine(14). Microvascular insulin resistance is 
characterized by impairments in these effects of insulin(4). As a consequence, nutritive capillary 
perfusion in skeletal muscle is diminished, which impairs glucose uptake and thus causes meta-
bolic insulin resistance(4). 

Impaired microvascular function is thus associated with less vasodilatory response to acetyl-
choline, which can be measured by skin flow changes after iontophoretic application. When 
measured under hyperinsulinemic conditions, the amount of acetylcholine-mediated vasodila-
tion can be considered as the degree of microvascular insulin sensitivity. To address this issue 
of microvascular functioning, in particular the reaction to insulin, the aim of the study was to 
measure insulin sensitivity by means of the hyperinsulinemic, isoglycemic clamp and the micro-
vascular response to acetylcholine under baseline and hyperinsulinemic conditions in normal-
weight and obese women with and without PCOS.   

METHODS

Subjects
Four groups of subjects were recruited: 19 normal-weight (body mass index <25 kg/m2) women 
with PCOS, 14 normal-weight controls, 16 obese (body mass index >30 kg/m2) women with 
PCOS, and 13 obese controls. All cases had the diagnosis PCOS according to the European 
Society of Human Reproduction and Embryology / American Society of Reproductive Medicine 
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criteria(15). All women with PCOS had oligo- or amenorrhea and polycystic ovarian morphology 
on transvaginal ultrasound; 13 obese women and 16 normal-weight women had hyperandrogen-
ism estimated by clinical and/or laboratory measurements, 13 obese and 18 lean PCOS patients 
fulfilled all three Rotterdam criteria. The controls were as a group matched for age and weight 
with the PCOS groups. All were healthy as judged by medical history, normal fasting glucose 
levels, nondiabetic(16), and normotensive (< 140/90 mm Hg) as determined by triplicate office 
blood pressure measurement. All controls had a normal ovarian morphology on ultrasound, a 
regular cycle and no clinical or laboratory features of PCOS. All participants were Caucasian and 
non-smokers and had not used any medication or oral contraceptives for the last three months. 
Exclusion criteria for all subjects included abnormal thyroid-stimulating hormone (TSH), pro-
lactin, 17α hydroxyprogesterone (17-OHP) or dehydroepiandrosterone sulfate (DHEAS) serum 
levels, and pregnancy. All PCOS patients and some controls were recruited from the department 
of Reproductive Medicine of the VU University Medical Center, Amsterdam. Other controls 
were recruited through advertisements.

All measurements were scheduled for PCOS patients on cycle day 13-16 and for controls 
on cycle day 5-9 because metabolic and vascular physiology in these periods is thought to be 
least influenced by ovulation and progesterone production(17; 18). The study was approved by the 
Medical Ethical committee of the VU University Medical Center and all participants signed an 
informed consent.

Study design
All individuals underwent the study protocol as shown in Figure 1. All participants came to the 
clinic after a 10-h overnight fast. They were asked to refrain from caffeine and alcohol contain-
ing bevera¬ges for 10h preceding the test. All experiments were conducted in a quiet, tempera-
ture-controlled (23.4 ± 0.4 ºC) room after 30 minutes of acclimatization. 

Figure 1	Design	of	study;	microcirculation	indicates	microvascular	measurements	and	X,	blood	sam-

ple.	Glucose	concentration	on	t=0	and	insulin	concentration	of	t=0	and	the	mean	of	the	four	blood	

samples during insulin infusion were determined. Iv, insertion of iv catheters.

 
Skin microvascular measurements
Microvascular endothelium-(in)dependent vasodilatation was evaluated by ion¬tophoresis of 
acetylcholine (ACh) and sodium nitroprusside (SNP) in combination with laser Doppler flux-
metry (Periflux 5010, Perimed, Stockholm, Sweden) in the skin as described previously(6; 14; 19) 

both before and during the hyperinsulinemic isoglycemic clamp (Figure1). The measurements 
during the clamp reflect the responses of microcirculatory function to hyperinsulinemia, which 
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is an important determinant of the timely access of glucose and insulin to their targets tissues 
(i.e. microvascular insulin sensitivity)(4; 12). 

Areas under the curve (AUC) were used for further analyses of the blood flow responses to 
ACh and SNP, respectively. The response of ACh- and SNP-induced vasodilatation to insu-
lin was defined as the AUC value during minus the value before insulin infusion. The same 
operator performed the measurements for each patient in order to avoid interobserver variabil-
ity. The intraobserver coefficients of variation determined in eight subjects on two occasions 
were 15.2±10.8% for ACh-mediated vasodilation and 16.6±10.7% for SNP-mediated vasodila-
tion. ACh and SNP were administered in their respective vehicle solutions. Because responses to 
vehicle are known to be negligible compared to responses to ACh and SNP(4), we refrained from 
doing vehicle control studies. Finally, Figure 1 makes clear that the response of ACh- and SNP-
induced vasodilatation to insulin, as defined above, may be affected by nonspecific changes due 
to time and volume expansion. In a previous study, we have addressed this issue and observed 
that such nonspecific changes are relatively small in normal-weight and obese women without 
PCOS(4). To further address this, we did a time- and volume-control study in 10 normal-weight 
and 10 obese women with PCOS included in the present study and found small effects that were 
similar to those in women without PCOS(4). We therefore here report all data without adjust-
ment for such affects, thus assuming that any such effects are similar in all four groups. 

Insulin sensitivity
Insulin sensitivity with regard to glucose uptake (metabolic insulin sensitivity) was determined 
with the hyperinsulinemic, isoglycemic clamp technique as described previously(20), with glucose 
concentrations clamped at fasting level and an insulin infusion rate of 40mU. m-2 . min-1. The 
M-value was defined as the glucose infusion rate during the second hour of the clamp expressed 
per kilogram of body weight. The metabolic insulin sensitivity (M/I value) is the M-value 
expressed per unit of plasma insulin concentration.

Blood Pressure
Ambulatory 24-hour blood pressure monitoring (Spacelabs 90207, Redmond, Washington, 
USA) was performed as described previously(6; 19). During study days, blood pressure measure-
ments were determined before and during the hyperinsulinemic isoglycemic clamp (Colin Press-
Mate BP-8800, Colin, Komaki City, Japan).

Laboratory data
Blood was collected in the fasting state and during hyperinsulinemia (Figure 1). All serum sam-
ples were immediately centrifuged at 4ºC and stored at -80 ºC. Insulin was measured by using 
an immunometric assay with luminescence (Bayer Diagnostics, Mijdrecht, Netherlands). The 
interassay coefficient of variation was less than 5% and the intra-assay coefficient of variation 
was less than 10%. Glucose was measured with the hexokinase method (Roche Diagnostics, 
Mannheim, Germany). The inter- and intra-assay coefficients of variation were both less than 
2%. An immunometric assay (Delfia, Wallac, Turku, Finland) was used to measure LH and 
FSH in serum. Estradiol levels were measured using a radio immunoassay with double anti-
body (Diasorin, Saluggia, Italy). A competitive immunoassay with luminescence was used to 
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measure progesterone (Abbott Laboratories Diagnostic Division, Abbott Park, Illinois, USA).  
Testosterone and 17 OHP levels were measured with a competitive immunoassay (DRG 
Instruments, Marburg, Germany). The SHBG level was measured by using an immunometric 
assay (Immulite 2500; Diagnostic Products Corp., Los Angeles, CA). The free androgen index 
was calculated as the total testosterone divided by the SHBG level x 100. A radio immunoas-
say was used to measure levels of androstenedione (Diagnostic Systems Laboratories, Webster, 
Texas, USA) and DHEAS (Diagnostic Products Corp.). TSH, total cholesterol, high-density 
lipoprotein (HDL)-cholesterol, and triglycerides were measured with an enzymatic colorimetric 
assay (Roche diagnostics). The low-density lipoprotein (LDL)-cholesterol level was calculated 
according to the Friedewald formula. Free fatty acids (FFAs) were measured with an enzymatic 
colorimetric test (NEFA-C, WAKO chemicals, Neuss, Germany). All laboratory assays were per-
formed in the clinical chemistry/ endocrine laboratory of the VU University Medical Center.

Statistical analyses
All analyses were performed with SPSS 15.0 (Chicago, Illinois, USA). De Jongh et al(4) detected  
an increase of ACh mediated vasodilation of 537 ± 133 % in normal-weight women, compared 
with 345 ± 159 % in obese women. An α of 0.05 and a β of 0.05 therefore require a minimal 
number of 13 subjects to detect the same differences in PCOS patients.

The distribution of variables was tested for normality. Data are expressed as mean±SEM or as 
median [interquartile range], as appropriate. To examine the differences in anthropometric and 
laboratory differences between normal-weight PCOS, obese PCOS and matched controls, we 
used one-way analysis of variance (ANOVA) with post hoc analyses (Bonferroni). Insulin sensiti-
vity, expressed as M/I, was also tested with one-way ANOVA with post hoc analyses (Bonferroni). 
The general linear model (GLM) univariate procedure, with body mass index (BMI) group (i.e. 
normal-weight and obese), PCOS-group (i.e. PCOS and control), and BMI group vs. PCOS 
group interaction as factors in the model was used. GLM tests were done for differences of ACh 
and SNP responses before and during insulin infusion between PCOS vs. controls, normal-
weight vs. obese, and the possible effect of BMI on PCOS vs. controls. A probability value of 
P<0.05 was considered significant.

RESULTS

Baseline characteristics
In Table 1 the anthropometrics are displayed; obese PCOS women and controls had a larger 
waist and a higher waist to hip ratio, compared to normal-weight PCOS women and controls. 
Obese controls were slightly more obese with a smaller waist circumference, compared with 
obese women with PCOS.

Lipid profiles between normal-weight PCOS and normal-weight controls were not different. 
In the obese PCOS women, serum triglycerides and plasma FFAs were elevated, compared with 
normal-weight women with PCOS. HDL was lower in obese controls, compared with normal-
weight controls. 
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Two obese PCOS individuals, two normal-weight PCOS individuals, two obese controls, and 
one normal-weight control did not complete the blood pressure measurements because of into-
lerance to the continuous presence of the cuff around the arm during the night (of these indi-
viduals we report only daytime measurements). Hemodynamics were not different between 
normal-weight PCOS and normal-weight controls. Twenty-four-hour heart rate was higher in 
obese PCOS women, compared with normal-weight PCOS women. Next, 24-h systolic blood 
pressure was higher in obese controls, compared to the normal-weight controls. With regard to 
endocrine profiles, ovarian androgen levels and LH were elevated in both normal-weight and 
obese PCOS patients, and FSH was slightly lower in the normal-weight PCOS women, com-
pared with normal-weight controls.

Metabolic insulin sensitivity
The obese groups had a significantly lower M/I value than the normal-weight groups (Table 1, 
Figure 2). Obese women with PCOS had a significantly lower M/I value, compared with obese 
controls. Insulin sensitivity was not different between normal-weight PCOS and controls. 

Data	expressed	as	median	[interquartile	range].**,	P	<0.001,	obese	women	with	or	without	PCOS,	compared	
with	normal-weight	women	with	or	without	PCOS;	*,	P=	0.02,	obese	women	with	PCOS,	compared	with	
obese controls.

Figure 2 Metabolic insulin sensitivity in the four groups

*

**
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Table 1. Profiles of anthropometrics, lipids, hemodynamics, endocrinology, and glucose metabolism of 

obese and normal-weight women with PCOS and weight, age-matched controls

M/I	value,	Glucose	infusion	rate	during	the	second	hour	of	the	hyperinsulinemic	clamp	expressed	per	kilo-
gram body weight and per unit of plasma insulin concentration. aP≤0.01, obese PCOS vs. normal-weight 
PCOS, bP<0.05,	obese	controls	vs. normal-weight controls, cP<0.05,	PCOS	vs. corresponding control group, 
dP≤0.01, obese controls vs. normal-weight controls, eP<0.05,obese	PCOS	vs. normal-weight PCOS, fP≤0.01, 
PCOS vs. corresponding control group.

Microvascular function before insulin infusion

Endothelium-dependent vasodilation (response to ACh)
The microvascular responses to ACh before insulin infusion showed no significant difference in 
the PCOS women, compared with controls without PCOS, or in the obese group, compared 
with the normal-weight group (Table 2, Figure 3).

Normal weight Obese

PCOS 
(n=19)

controls 
(n=14)

PCOS 
(n=16)

controls 
(n=13)

Age, y 28.2±4.4 27.3±5.1 30.3±4.2 28.6±5.3

BMI,	kg/m2 22.0±2.3 22.2±1.8 36.2±6.0a 40.5±7.0b

Waist tohip ratio 0.78±0.05 0.76±.0.03 0.84±0.05a,c 0.80±0.05b

Waist, cm 75.4±6.1 74.3±3.7 107.0±12.3a 105.7±12.1b

Serum	cholesterol,	mmol/L 4.2±0.9 4.0±0.8 4.4±0.9 4.1±0.7

Serum	LDL	cholesterol,	mmol/L 2.3±0.7 2.1±0.6 2.6±0.9 2.5±0.5

Serum	HDL	cholesterol,	mmol/L 1.6±0.4 1.7±0.3	 1.3±0.2 1.2±0.3d

Serum	triglycerides,	mmol/L 0.7±0.2 0.6±0.2 1.1±0.4a 0.8±0.4

Plasma	FFAs,	mmol/L 0.43±0.16 0.50±0.20 0.66±0.16a 0.63±0.14

Serum	glucose,	mmol/L	 4.5±0.3 4.7±0.4 5.0±0.5e 4.9±0.4

Plasma	insulin,	pmol/L 33.2±16.8 29.2±7.6 90.2±46.2a 60.8±38.9b

M/I	value	[median±IQR],
(mg	.	kg-1 . min-1 . pmol . L-1)´100

1.5[0.9-2.1] 1.6[1.5-1.9] 0.5[0.3-0.6]a,c 0.7[0.5-1.0]d

24 -h systolic blood pressure, mmHg 112±8 110±9 120±8 130±14d

24- h diastolic blood pressure, 
mm Hg

70±8 67±8 70±4 73±12

24- h heart rate, bpm 68±10 70±6 77±9e 75±6

Total	Testosterone,	nmol/L 1.4±0.5 1.1±0.4 		1.8±0.5e 1.4±0.4

Free androgen index,  % 3.0±1.4 2.7±2.0 			8.9±3.7a,c 			6.0±3.6b

Androstenedione,	nmol/L 7.0±1.9f 4.8±1.2 7.4±2.5f 4.9±1.7

17	OHP,	nmol/L 2.6±1.0 2.1±0.5 2.6±1.3 2.1±0.9

DHEAS,	μmol/L 5.2±2.1 4.6±1.5 6.0±3.4 6.4±2.1

LH,	U/L 8.2±3.9f 4.8±2.2 7.4±2.7f 3.7±0.9

FSH,	U/L 4.7±0.9c 5.9±1.6 4.9±1.0 5.4±0.9

Estradiol,	pmol/L 181.7±167.0 139.7±93.0 135.2±38.5 126.4±61.4

Prolactin,	U/L 0.17±0.07 0.20±0.07 0.22±0.17 0.19±0.06
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Endothelium-independent vasodilation (response to SNP)
 The SNP response before insulin infusion was significantly greater in PCOS women, com-
pared with controls without PCOS, but was not significantly different between obese and nor-
mal-weight women (Table 2).

Microvascular function during insulin infusion (microvascular insulin sensitivity)

Endothelium-dependent vasodilation (response to insulin)
ACh responses during, and the ACh response to, insulin infusion were significantly diminished 
in obese as compared with normal-weight women, and this difference was similar for women 
with or without PCOS (Table 2, Figure 3). PCOS per se had no significant influence on the ACh 
response during insulin infusion.

Endothelium-independent vasodilation (response to insulin)
Insulin infusion did not increase the response to SNP. The response to SNP during insulin infu-
sion was not significantly different in women with vs. those without PCOS or in obese vs. nor-
mal-weight women (Table 2).

There was no evidence for a statistically significant interaction between PCOS and BMI with 
regard to microvascular function (Table 2).

Time- and volume-control study
A time- and volume-control study was performed in 10 normal-weight and 10 obese women 
with PCOS included in the present study. There was no difference of the baseline of the time- 
and volume-control study as compared with the baseline of the clamp-day (565.1± 409.9 vs. 
442.8±329.4 for ACh and 1095.4±927.7 vs. 1043.3±1154.6 for SNP in obese women with 
PCOS; and 499.7 ±279.8 vs. 534.0±349.1 for ACh and 1127.7±714.7 vs. 1139.5±703.1 for 
SNP in normal weight women with PCOS). In addition, there was no microvascular response to 
saline infusion (442.8±329.4 vs. 536.4±439.7 for ACh and 1043.3±1154 vs. 1154.6±648.0 for 
SNP in obese women with PCOS; and 534.0±349.1 vs. 582.1±305.1 for ACh and 1139.5±703.1 
vs. 1174.0±586.4 for SNP in normal-weight women with PCOS).

Skin temperature and insulin-mediated changes in skin temperature during microvascular 
measurements did not differ among the four groups (data not shown).
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*P	<0.05,	Area	under	the	curve	(AUC)	during	insulin	infusion	in	normal	weighted	women	as	compared	to	
obese	women.	The	results	are	expressed	as	mean±SEM.

Figure 3 Blood flow responses to iontophoresis of acetylcholine before start of infusions and during 

infusion of insulin.

LEAN PCOS

ACETYLCHOLINE MEDIATED VASODILATION

LEAN CONTROLS

OBESE PCOS

OBESE CONTROLS

• During and      ■ Before Insulin infusion 

*

*
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Table 2 Microvascular function in normal-weight and obese women with and without PCOS: effect of 

hyperinsulinemia
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DISCUSSION
 

This study has two key findings. First, obese women as compared to their normal-weight 
counterparts, were characterized by normal cholinergic microvascular endothelium-dependent 
vasodilation, by an impairment of the microvascular response to insulin, and by an impaired 
insulin-mediated glucose uptake, i.e. by microvascular and metabolic insulin resistance. Second, 
the presence of PCOS per se was not accompanied by impairments of cholinergic microvascular 
endothelium-dependent vasodilation or the microvascular response to insulin, or in the normal-
weight women, by an impaired insulin-mediated glucose uptake. In the obese women, how-
ever, the presence of PCOS indicated a further deterioration of insulin-mediated glucose uptake, 
compared with obese women without PCOS. In other words, PCOS per se was not accompanied 
by microvascular insulin resistance and was accompanied by aggravation of metabolic insulin 
resistance only in the obese women, whereas normal-weight women with PCOS had normal 
metabolic insulin sensitivity. 

We focused on insulin resistance and microvascular function because these are thought to be 
important pathways linking obesity and, possibly, PCOS to cardiovascular and metabolic dis-
eases, notably hypertension, diabetes, heart failure and nephropathy(4-12). We acknowledge that 
the literature addressing the association between PCOS and cardiovascular disease is contradic-
tory(21; 22). Despite the increased prevalence of cardiovascular risk factors in middle-aged PCOS 
women, large cohort studies(22; 23) did not find a higher risk of cardiovascular death in women 
with PCOS. However, large cohort studies might suffer from mixing populations of obese and 
normal-weight women, which,when analyzed together, might average out differences between 
subgroups. 

The data of the present study thus suggest that much of the cardiovascular and metabolic 
risk in women with PCOS is caused by obesity. In the presence of obesity, PCOS may further 
increase this risk because obese women with PCOS had greater metabolic insulin resistance than 
obese women without PCOS. In the absence of obesity, women with PCOS had normal micro-
vascular function and normal metabolic insulin sensitivity. To our knowledge the present study 
is the first to demonstrate that microvascular insulin resistance is a feature of obesity but not of 
PCOS per se.

Various other studies have addressed the vasodilator effect of insulin in women with PCOS(24-26). 
First, Carmassi et al.(24) measured endothelium-dependent vasodilatory effects of intraarterial 
insulin infusion in PCOS women with and without insulin resistance and found an impaired 
effect of insulin only in metabolically insulin-resistant women with PCOS, compared with met-
abolically insulin-sensitive women with and without PCOS. Second, ex vivo studies showed 
absence of insulin reducing contractor response to norepinephrine in PCOS patients indicative 
for vascular stiffness(25). Finally, Paradisi et al. demonstrated impaired leg blood flow responses 
to hyperinsulinemia during a euglycemic hyperinsulinemic clamp in obese PCOS compared to 
obese controls(26). 

An important contrast to these three reports is that the present study evaluated the effects of 
insulin on the microcirculation, which is important for insulin mediated glucose uptake (i.e. 
microvascular insulin resistance) rather than on nonnutritive resistance vessels and total blood 
flow.  
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Somewhat unexpectedly, cholinergic microvascular endothelium-dependent vasodilation was 
similar in all groups, i.e. appeared unaffected by the presence of obesity or PCOS. We and  others 
have previously demonstrated impaired microvascular function in obesity(4; 27). Although the 
obese women we studied had severe obesity, they were selected for otherwise being very young 
and healthy, and this may explain why cholinergic microvascular vasodilation was comparable to 
that in normal-weight women, although microvascular function clearly was not entirely normal, 
as shown by the impaired response to insulin in the obese women. Studies on microvascular 
function in PCOS have shown inconsistent results. In accordance with our data, Bickerton et 
al.(28) found no differences in reactive hyperemic blood flow of the forearm microcirculation. On 
the other hand, other studies(29; 30) found impaired endothelial function of the forearm microcir-
culation of obese women with PCOS. An explanation for this discrepancy might be that in these 
studies(29; 30), women with PCOS were significantly more obese than their controls. Therefore, 
these data suggest that obesity and not PCOS might play a more important role in the develop-
ment of microcirculatory dysfunction. Indeed, Dokras et al.(31), measuring forearm blood flow 
responses with occlusion plethysmography to intra-arterial infusion of endothelium-dependent 
and endothelium independent dilators, found only an impaired microvascular function in obese, 
insulin-resistant women independent of PCOS, compared with normal-weight, insulin sensitive 
women with and without PCOS. 

PCOS women in the present study exhibited an increased baseline response of SNP-mediated 
vasodilation. SNP acts directly on vascular smooth muscle as nitric oxide donor. Thus, micro-
circulatory smooth muscle in PCOS patients may have greater than normal sensitivity to nitric 
oxide. On the other hand, the few other studies reporting on SNP effects in PCOS are contra-
dicting with no or opposite effects(25; 30; 31), and further studies of this issue are needed.

Metabolic insulin resistance is thought to play a central role in the pathogenesis of PCOS. 
In the present study, we did not find resistance to insulin in normal-weight women with PCOS 
as measured with the gold standard technique, i.e. the isoglycemic hyperinsulinemic clamp. 
Because of the small sample size of our study, small differences in insulin sensitivity in nor-
mal-weight PCOS women, compared with normal-weight controls, could have been missed. 
Nevertheless, the one study which was able to asses insulin sensitivity, as measured by eugly-
cemic hyperinsulinemic clamp, in a large group of normal-weight women with and without 
PCOS(32) also found that there was no difference in insulin sensitivity between normal-weight 
women with PCOS, compared with normal-weight controls. It must be stressed, however, that 
we studied Caucasian women, and our findings are not necessarily valid for other ethnicities. 

This study has several limitations. First, it was cross-sectional, and therefore, any causal infe-
rence on the link between microcirculatory function and metabolic insulin resistance should 
be made with caution. Second, although muscle tissue is the main peripheral site of insulin- 
mediated glucose uptake and vascular resistance, we studied skin and not muscle microvascular 
function because in skin, iontophoresis can be applied non-invasively. However, comparable 
insulin-mediated metabolic and microvascular effects can be demonstrated in skin and mus-
cle(14). In addition, skin microvascular function is associated with blood pressure(6), and hyper-
tension is characterized by defects in both muscle and skin microvascular function(19; 33). Thus, 
the study of skin microvascular function seems a reasonable model of muscle microvascular func-
tion. Third, the small sample size of the present study may have led to type 2 errors, especially 
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because microvascular measurements have a relatively large variability(4), so that small differ-
ences may have been missed. However, power calculations suggested that we studied a sufficient 
number of individuals to account for this. In addition, we selected a robust type of PCOS by 
including almost only PCOS women who fulfilled all three criteria for the diagnosis. Moreover, 
the measurements were done at a predetermined point in the PCOS cycle and matched with the 
hormonal status of controls. In addition, the women were divided in groups according to their 
PCOS and BMI-status. Therefore, outcome measures are comparable without the (confound-
ing) effects of hormones and/or amount of body fat.

In conclusion, we are the first to report that obesity and not PCOS per se is associated with 
microvascular insulin resistance, as measured with endothelium-dependent vasodilation during 
insulin infusion. Remarkably, we demonstrated that metabolic insulin resistance was not pre-
sent in normal-weight women with PCOS, compared with normal-weight controls. In contrast, 
obese women with PCOS showed a significantly lower metabolic insulin resistance, compared 
with obese controls. These data may be relevant to understanding and managing metabolic 
and cardiovascular risk in women with PCOS, suggesting that the focus should be on weight 
control. In turn, normal-weight women with PCOS may be at relatively normal risk of meta-
bolic and cardiovascular disease. These findings are relevant for a substantial number of women 
because PCOS is one of the commonest endocrinopathies, affecting about 5% of premeno-
pausal women(15; 34). 
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ABSTRACT 

Context Insulin resistance, i.e.	impaired	insulin-mediated	glucose	uptake	(IMGU),	

is a major risk factor for type 2 diabetes in women with polycystic ovary syndrome 

(PCOS).	Insulin-induced	capillary	recruitment	(IICR)	is	considered	a	significant	deter-

minant of overall IMGU.

Objective To evaluate whether IICR is impaired and contributes to IMGU in lean and 

obese women with PCOS. 

Design and population	Thirty-six	women	with	PCOS	(20	lean,	BMI	21.9±2.3	kg/m2 and 

16	obese,	BMI	35.9±6.0	kg/m2)	and	27	age-matched	healthy	controls	(14	lean,	BMI	

22.2±1.8	kg/m2	and	13	obese,	BMI	40.5±7.0	kg/m2) were studied. IICR was evaluated 

by capillary microscopy during an isoglycemic-hyperinsulinemic clamp. IMGU was 

expressed	as	M/I-value.

Results	The	M/I-value	was	significantly	lower	in	obese	PCOS	women	compared	

to	obese	controls	(0.5[0.2-1.2]	vs.	0.7[0.3-1.4]	(mg	.	kg-1 . min-1 . pmol . L-1)x100,	P<	

0.01), whereas the small difference between lean PCOS and control women was 

non-significant	(1.5[0.5-2.6]	vs.1.7[1.0-3.7]	(mg	.	kg-1 . min-1 . pmol . L-1)x100,	P=	0.17).		

Hyperinsulinemia	increased	capillary	recruitment	in	lean	controls	(53.5±20.3	vs. 

64.9±27.4	n/mm2,	P<0.05),	but	not	in	either	PCOS	group	nor	in	obese	controls.	IICR	

and	androgens	were	a	determinant	of	M/I	value	only	in	lean	women	with	and	without	

PCOS.

Conclusions PCOS per se is associated with impaired IICR. Obese women with PCOS, 

in part independent of obesity, demonstrated a profound metabolic insulin resistance, 

whereas the difference between lean PCOS women and healthy controls was small 

and statistically non-significant. IICR was a determinant of glucose uptake in lean, but 

not in obese women regardless of the presence of PCOS.  
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common endocrine disorder of unknown etiology char-
acterized by hyperandrogenism, anovulatory infertility, and, frequently, profound insulin resis-
tance in premenopausal women(1). Insulin resistance, i.e. decreased insulin-mediated glucose 
uptake, is characterized by the diminished ability of insulin to initiate intracellular signaling 
and is considered a prelude to type 2 diabetes in women with PCOS(1; 2).The primary targets of 
insulin are skeletal muscle, adipose tissue, and the liver. Impaired insulin signaling in these tis-
sues reduces glucose uptake and promotes a metabolic syndrome that is characterized by elevated 
levels of insulin, inappropriate synthesis of glucose, and dyslipidemia(3). However, insulin recep-
tors and insulin signaling are not exclusively restricted to metabolically active tissue and can be 
observed in most cell types including vascular cells. 

Recently, it has become clear that vascular tissue, particularly the endothelial cell, is an impor-
tant physiological target for insulin and a significant regulator of overall insulin-stimulated glu-
cose uptake(4; 5). Insulin promotes its own access to muscle interstitium by increasing blood flow 
and by recruiting capillaries to expand the endothelial transporting surface available for nutrient 
exchange. Using capillary microscopy, we have reported that, in healthy individuals, systemic 
hyperinsulinemia increases the number of perfused capillaries(6). Blunted capillary recruitment 
is associated with metabolic insulin resistance seen in obesity(7), elevated plasma FFA concentra-
tions (8) and the metabolic syndrome(5). These observations are particularly interesting as they 
suggest that altered microvascular responses may be an early dysfunction in individuals at risk 
of diabetes. Women with PCOS are at increased risk of diabetes, but it is unknown whether 
PCOS is associated with an impaired action of insulin to increase capillary density. In our earlier 
reports we demonstrated that obesity is a major determinant of insulin resistance in PCOS and 
that insulin resistance in obesity is strongly related to impaired insulin-induced capillary recruit-
ment(7; 9). The present study was designed to test the hypothesis that PCOS women compared 
to control women display impaired insulin-induced capillary recruitment and if so, to deter-
mine whether this abnormality is worse in obese women and related to insulin-mediated glucose 
uptake. 

METHODS

Subjects
Four groups of subjects were recruited: 20 lean (body mass index <25 kg/m2) women with 
PCOS, 14 lean women without PCOS, 16 obese (body mass index >30 kg/m2) women with 
PCOS, and 13 obese women without PCOS. All cases had the diagnosis PCOS according to the 
European Society of Human Reproduction and Embryology / American Society of Reproductive 
Medicine (ESHRE) / ASRM criteria(10). All women with PCOS had oligo- or amenorrhea and 
polycystic ovarian morphology on transvaginal ultrasound; 13 obese women and 16 lean women 
had hyperandrogenism estimated by clinical and / or laboratory measurements, 13 obese and 
18 lean PCOS patients fulfilled all three Rotterdam criteria. Women without PCOS were as 
a group matched for age and weight with the PCOS groups. All were healthy as judged by 
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medical history, were nondiabetic(11) and normotensive (< 140/90 mm Hg) as determined by 
triplicate office blood pressure measurement. All women without PCOS had a normal ovarian 
morphology on ultrasound, had a regular cycle and no clinical or laboratory features of PCOS. 
All participants were Caucasian and non-smokers, and had not used any medication or oral 
contraceptives for the last three months. Exclusion criteria for all subjects included abnormal 
thyroid-stimulating hormone (TSH), prolactin, 17α hydroxyprogesterone (17-OHP) or dehy-
droepiandrosterone sulfate (DHEAS) serum levels, and pregnancy. All PCOS patients and some 
controls were recruited from the department of Reproductive Medicine of the VU University 
Medical Center, Amsterdam. Other controls were recruited through advertisements.

Although we have recently shown that there is no cycle- dependent variation of microvascular 
function(12) all measurements were scheduled for PCOS patients on cycle day 13-16 and for 
women without PCOS on cycle day 5-9. This was done because at that time we believed that 
metabolic and vascular physiology in these periods might be influenced by ovulation and sex 
hormone production(13; 14). The study was approved by the Medical Ethical committee of the VU 
University Medical Center and all participants signed an informed consent.

Study design
All individuals underwent the study protocol as shown in Figure 1. All participants came to the 
clinic after a 10-h overnight fast. To confirm that short-term nonspecific changes in microcircu-
latory function are small(7), in addition a time- and volume-control experiment was performed 
in eight lean and ten obese women with PCOS in a fashion identical to the clamp experiment 
with the infusion of the same amounts of fluid (0.65% saline) and microvascular measurements 
at the same time intervals, but without insulin or glucose infusion. 

All measurements were conducted in a quiet, temperature-controlled room (T=23.4 ± 0.4 
ºC), after a 10-h fast, with the subjects in the supine position. Subjects were asked to refrain 
from drinking alcohol for a period of 24-h before each study day and to perform no strenuous 
exercise for a period of 48-h before each study day. Baseline measurements were obtained after 
allowing 30 min of rest and acclimatization after the insertion of two polytetrafluoroethylene 
catheters (Venflon, Viggo, Gotenborg, Sweden). During the tests, skin temperature was moni-
tored and all subjects were studied at the same time of the day.

Figure 1	Design	of	study;	Microcirculation	indicates	microvascular	measurements;	X,	blood	sample,	

BP, blood pressure measurements and IV, insertion of intravenous catheters.

Glucose	concentration	on	t=0	and	insulin	concentration	on	t=0	and	the	mean	of	the	four	blood	sam-

ples during insulin infusion were determined.
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Skin microvascular measurements

Capillary function
Nailfold capillary studies were performed as described previously(7; 15) before and during a hyper-
insulinemic isoglycemic clamp (Figure 1.). Briefly, nailfold capillaries in the dorsal skin of the 
fourth finger of the left hand were visualized by a capillary microscope. A visual field of 1 mm2 
was recorded before and after four minutes of arterial occlusion with a digital cuff. Capillaries at 
baseline and directly after release of the cuff were counted for, respectively, 15 and 30 seconds. 
Baseline capillary density was defined as the number of continuously erythrocyte-perfused capil-
laries per square millimeter of nailfold skin. Other capillaries can be seen to be intermittently 
perfused, and these may represent an important functional reserve. Postocclusive reactive hyper-
emia (PRH) after four minutes of arterial occlusion was used to assess this functional reserve 
(capillary recruitment). Capillary recruitment was expressed as percentage change from base-
line. Insulin-induced capillary recruitment was defined as the percentage change from baseline 
du ring hyperinsulinemia.   

The procedures were then repeated using a visual field adjacent to the first visual field and the 
mean of both measurements was used for analyses. The same operator performed the measure-
ments for each patient in order to avoid inter-observer variability. The operator and an observer 
(IJGK and LV) counting the capillaries were blinded for the characteristics of the subjects and 
test results. The day-to-day coefficient of variation of post-occlusive capillary recruitment was 
11.4±7.7%, respectively, as determined in nine individuals on two separate days. The intra-
observer variability between IJGK and LV of counting the percentage increase was 13.4±8.1%, 
as determined in 16 individuals. The day-to-day coefficient of variation of peak density during 
venous congestion was 3.3±3.0% as determined in nine individuals on two separate days. The 
intra-observer variability between IJGK and LV of this procedure was 6.9±5.7%, as determined 
in 16 individuals. 

Insulin-mediated glucose uptake
Insulin-mediated glucose uptake was determined with the hyperinsulinemic, isoglycemic clamp 
technique as described previously(16), with glucose concentrations clamped at fasting level and 
an insulin infusion rate of 40mU. m-2 . min-1. Mean fasting glucose concentrations were deter-
mined from glucose concentrations measured 3 times between t = -30 and t = 0 min (Figure 
1.). Normoglycemia was maintained by adjusting the rate of a 20% D-glucose infusion based 
on plasma glucose measurements performed at five to ten min intervals. Whole body glucose 
uptake (M) was calculated from the glucose infusion rates during the last 60 min of hyperinsu-
linemia. M was expressed per kg body weight per unit of plasma insulin concentration (M/I), 
thereby correcting for differences in steady-state insulin concentrations. For convenience, the 
M/I ratio was multiplied by 100. Mean insulin concentrations during the hyperinsulinemic 
clamp were determined from steady state insulin levels measured.

Blood Pressure
Ambulatory monitoring (SpaceLabs 90207, Redmond, WA, USA) was used to obtain 24-h 
recordings of blood pressure and heart rate, as described previously(15; 17). During study days, 
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blood pressure and heart rate were determined (Colin Press-Mate BP-8800, Colin, Komaki City, 
Japan). The first blood pressure reading was discarded and the mean of the second and third 
consecutive blood pressure and heart rate readings during each period were used for further 
analyses.

Laboratory data
Blood was collected before and during insulin infusion (Figure 1). All serum samples were 
immediately centrifuged at 4ºC and stored at -80 ºC. A radioimmunoassay was used to mea-
sure levels of androstenedione (DSL, Webster, Texas, USA) and DHEAS (DPC, Los Angeles, 
USA). Testosterone and 17 OH-progesterone levels were measured with a competitive immu-
noassay (DRG Instruments, Marburg, Germany). The SHBG level was measured by using an 
immunometric assay (Immulite 2500, Los Angeles, USA). The free androgen index (FAI) was 
calculated as the total testosterone divided by the sex hormone-binding globulin (SHBG) level x 
100. A competitive immunoassay with luminescence was used to measure progesterone (Abbott 
Laboratories Diagnostic Division Abbott Park, Illinois USA). An immunometric assay (Delfia, 
Wallac Turku Finland) was used to measure LH and FSH in serum. Estradiol levels were mea-
sured using a radio immunoassay with double antibody (Diasorin, Saluggia Italy). 

Insulin was measured by using an immunometric assay with luminescence (Bayer 
Diagnostics, Mijdrecht Netherlands). The interassay coefficient of variation was below 5% and 
the intra-assay coefficient of variation was below 10%. Glucose was measured with the hexoki-
nase method (Roche Diagnostics, Mannheim Germany). The inter- and intra-assay coefficients 
of variation were both below 2%. TSH, total cholesterol, HDL-cholesterol and triglycerides 
were measured with an enzymatic colorimetric assay (Roche diagnostics, Mannheim, Germany). 
The LDL-cholesterol level was calculated according to the Friedewald formula. Free fatty acids 
(FFA) were measured with an enzymatic colorimetric test (NEFA-C, WAKO chemicals, Neuss 
Germany). All laboratory assays were performed in the clinical chemistry/ endocrine laboratory 
of the VU University Medical Center.

Statistical analyses 
All analyses were performed with SPSS 15.0 (Chicago, Illinois, US). The distribution of vari-
ables was tested for normality. Data are expressed as mean±standard deviation, or as median 
[range], when appropriate. To examine the differences in anthropometric and laboratory proper-
ties between normal-weight PCOS, obese PCOS and group-matched women without PCOS, 
we used one-way analysis of variance (ANOVA) with post hoc analyses (Bonferroni). We used 
analysis of covariance (ANCOVA) to compare capillary density and insulin sensitivity between 
obese versus lean and PCOS versus controls. The latter analysis was adjusted for differences in 
BMI, because PCOS women were less obese compared to controls and BMI was inversely associ-
ated with both capillary density and insulin sensitivity in both groups (data not shown). Within 
subjects a paired Student’s t test was used to compare capillary recruitment before and during 
insulin infusion.

A linear regression analysis was used to analyze the associations between insulin-induced cap-
illary recruitment and androgens on the one hand and insulin-mediated glucose uptake on the 
other. We tested for interaction to see whether these associations differed between lean and obese 
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women. P < 0.05 was considered statistically significant, except for the interaction analyses, 
where we used P < 0.10.

RESULTS

Characteristics of the study population (Table 1)
By design, obese women had higher BMI, waist circumference and WHR compared to lean 
women. Women with PCOS had higher androstenedione, free testosterone (i.e. free androgen 
index) and LH levels as compared to those without PCOS. In general, obese women, regardless 
of the presence or absence of PCOS, had a less favorable cardiovascular disease risk factor profile 
(i.e., higher systolic blood pressure, triglycerides and lower HDL cholesterol). 

Capillary recruitment before insulin infusion
There were no differences in baseline capillary density between lean and obese PCOS and their 
controls before insulin infusion (Table 2). Also, capillary recruitment, expressed as increase and 
percentage increase, was not different among the four groups.
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Table 1 Profiles of anthropometrics, lipids, hemodynamics, endocrinology and glucose metabolism of 

lean and obese women with PCOS and weight, age-matched controls

Mean±standard	deviation,	median	[range],	aP<0.05,	bP≤0.01 PCOS vs.	corresponding	Control	group;	cP<	
0.05,dP≤0.01 obese PCOS vs.	lean	PCOS;	eP<0.05,	fP<0.01	obese	vs. lean controls. BMI: body mass index, 
WHR:	waist-to-hip	ratio;	M/I	value:	glucose	infusion	rate	during	the	second	hour	of	the	hyperinsulinemic	
clamp	expressed	per	kilogram	body/	weight	and	per	unit	of	plasma	insulin	concentration;	FFA:	free	fatty	
acids;	DHEAS:	Dehydroepiandrosterone	sulfate;	LH:	luteinized	hormone;	FSH:	follicle-stimulating	hormone

Insulin-induced capillary recruitment 
Baseline capillary density did not change during insulin infusion and was similar in PCOS and 
control women. Hyperinsulinemia increased capillary recruitment in lean women without PCOS 
(53.5±20.3 vs. 64.9±27.4 n/mm2, P<0.05), but not in obese controls and both PCOS groups 
(Table 2). PCOS women had a significantly lower percentage increase in capillary recruitment as 
compared to controls (P=0.03, Table 2, Figure 2). There was no interaction between obesity and 
PCOS regarding insulin-induced capillary recruitment (P-value for interaction = 0.51). 

Lean Obese

SI units
controls 
(n=14)

PCOS 
(n=20)

controls 
(n=13)

PCOS
(n=16)

Age Years 27.3±5.1 27.9±4.3 28.6±5.3 30.3±4.4

BMI kg/m2 22.2±1.8 21.9±2.3 40.5±7.0f 35.9±6.0d

Waist-to-hip ratio 0.76±.0.03 0.78±0.05 0.80±0.05 0.84±0.05ad

Waist Cm 74.1±3.8 74.9±5.8 105.7±12.1f 107.1±12.3d

Serum cholesterol, mmol/L 4.0±0.6 4.2±0.9 4.1±0.7 4.7±1.1

Serum LDL cholesterol mmol/L 2.1±0.5 2.3±0.6 2.5±0.5 2.8±1.0

Serum HDL cholesterol mmol/L 1.6±0.3	 1.6±0.4 1.2±0.3f 1.3±0.2

Serum triglycerides mmol/L 0.6±0.2 0.7±0.2 0.8±0.4 1.2±0.5ad

Plasma FFAs mmol/L 0.60±0.27 0.45±0.16 0.63±0.14 0.65±0.17c

Serum glucose mmol/L 4.7±0.4 4.6±0.3 4.9±0.4 4.9±0.5c

Plasma insulin pmol/L 29.0±7.4 33.2±16.8 60.8±38.9 89.6±47.3d

24 -Hour systolic pressure MmHg 112±7 112±8 130±14f 121±8c

24- Hour  diastolic pressure MmHg 68±7 70±8 73±12 70±5

24- Hour heart rate bpm 70±6 68±10 75±6 77±9c

Androstenedione nmol/L 4.7±1.2 6.9±1.9b 4.9±1.7 7.6±2.5b

Total Testosterone nmol/L 1.2±0.4 1.4±0.5 1.4±0.4 		1.9±0.5ac

Free androgen index  % 2.8±2.0 3.1±1.4 			6.0±3.6e 			8.9±3.7ad

17 OH-progesterone nmol/L 2.1±0.5 2.7±1.0 2.1±0.9 2.8±1.3

DHEAS μmol/L 4.4±1.5 5.2±2.2 6.4±2.1 6.4±3.5

LH U/L 4.7±2.3 8.0±3.9b 3.7±0.9 7.0±2.6b

FSH U/L 6.0±1.8 4.7±0.9a 5.4±0.9 4.9±1.1

Estradiol	(E2)	 pmol/L 141.1±101.7 186.5±169.7 126.4±61.4 133.5±38.7

Prolactin U/L 0.19±0.06 0.17±0.07 0.19±0.06 0.22±0.18
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Table 2	Insulin’s	vascular	and	metabolic	effects	in	lean	and	obese	women	with	PCOS	and	their	con-

trols

  

Mean±SD,	except	M/I-value	expressed	as	median	[range];	n=	number;	CO=controls;	
*	corrected	for	BMI;	aP <	0.05	during	versus	before	insulin	infusion

Insulin-mediated glucose uptake (Table 2) 
Insulin-mediated glucose uptake (mean±95%-confidence interval) was significantly lower in  
the pooled group of obese women compared to lean women (0.5 [0.4-0.6] vs. 1.5 [1.3-1.8] 
(mg . kg-1 . min-1 . pmol . L-1)x100, P<0.01). After adjustment for differences in BMI, insulin-
mediated glucose uptake was also significantly lower in the pooled group of PCOS women com-
pared to controls (0.8 [0.7-0.9] vs. 1.2 [1.0-1.4] (mg . kg-1 . min-1 . pmol . L-1)x100, P<0.01). 
Because we could not exclude interaction of PCOS and obesity regarding insulin-mediated glu-
cose uptake (P-value for interaction = 0.15)(9), we also performed a one-way analysis of covari-
ance (ANCOVA) with adjustment for BMI to compare the separate groups of PCOS women 
with their appropriate controls (Figure 2). This analysis demonstrated that obese women with 
PCOS had a significantly lower insulin-mediated glucose uptake (median±range) compared to 
obese control women (0.5[0.2-1.2] vs. 0.7[0.3-1.4] (mg . kg-1 . min-1 . pmol . L-1) x100, P< 
0.01), whereas the small difference between lean PCOS and control women was statistically 
non-significant (1.5[0.5-2.6] vs. 1.7[1.0-3.7] (mg . kg-1 . min-1 . pmol . L-1)x100, P= 0.17). 

LEAN 
CO

LEAN 
PCOS

OBESE 
CO

OBESE 
PCOS

OBESE 
vs.

LEAN

PCOS 
vs.

CO*

SI units (n=14) (n=20) (n=13) (n=16)

CAPILLARY DENSITY

 - BEFORE INSULIN INFUSION

    Baseline 	n/mm2 41.8±6.0 39.0±8.0 45.6±7.4 43.6±8.2 0.08 0.38

    Recruitment, 
    percentage increase 

 
%

 
53.5±20.3

 
46.9±14.5

  
49.4±10.6 43.4±17.1 0.39 0.12

- DURING INSULIN INFUSION

    Baseline n/mm2 40.8±6.5 40.4±8.3 46.6±10.9 44.8±8.9 0.01 0.42

    Recruitment, 
    percentage increase % 64.9±27.4a

  
48.8±16.0 51.4±20.8 42.8±23.2 0.09 0.03

METABOLIC INSULIN RESISTANCE

							M/I	value	 (mg	.	kg-1 . 
min-1 . pmol . 

L-1) x100

1.7
[1.0-3.7]

1.5
[0.5-2.6]

0.8
[0.3-1.4]

0.5
[0.2-1.1]

<0.01 <0.01
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	*P=0.03,	**P<0.01	PCOS	as	a	group	vs. Controls as a group or Obese as a group vs.	Lean	as	a	group,	(#)			
		P=0.09	Obese	as	a	group	vs. Lean as a group

Figure 2	Insulin’s	vascular	and	metabolic	effects	in	lean	and	obese	women	with	PCOS	and	their	con-

trols	(scatterplot	with	horizontal	line	representing	the	mean).		

Associations between insulin-induced capillary recruitment, androstenedione and insulin-mediated 
glucose uptake
Interaction analysis demonstrated that the associations between insulin-induced capillary 
recruitment and androstenedione on the one hand and insulin-mediated glucose uptake on 
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the other were similar in PCOS women versus control women (P-value for interaction =0.82 
and =0.68, respectively). However, these associations were significantly different in lean versus 
obese women with and without PCOS (P-value for interaction <0.01 and <0.05, respectively). 
Therefore, associations with insulin-mediated glucose uptake were analyzed in lean and obese 
women separately. Both insulin-induced capillary recruitment and androstenedione were sig-
nificantly associated with insulin-mediated glucose uptake in lean, but not obese women with 
and without PCOS (Figure 3). Similar conclusions were reached when statistical analyses were 
performed with the use of testosterone or the free androgen index instead of androstenedione 
(data not shown).

*	P<0.05	 for	 interaction	 lean	vs.	 obese,	**	P	<	0.01	 for	 interaction	 lean	vs.	 obese,	 r	=	partial	 correlation,	

 corrected for PCOS

Figure 3 Correlation between insulin-mediated glucose uptake, androstenedione and insulin-induced 

capillary	recruitment	(%	increase)	in	lean	and	obese	women	with	PCOS	and	their	controls.

*

**
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DISCUSSION 

In the present study, we investigated whether insulin-induced capillary recruitment is impaired 
and contributes to insulin-mediated glucose uptake in lean and obese women with PCOS. We 
provide evidence that both lean and obese women with PCOS are characterized by impaired 
insulin-induced capillary recruitment. Only obese women with PCOS, in part independent 
of obesity, demonstrated a profound impairment of insulin-mediated glucose uptake. In con-
trast, although displaying a large variation in insulin-mediated glucose uptake, lean women with 
PCOS did not have frank metabolic insulin resistance(9). Subsequent multiple linear regression 
analysis demonstrated that insulin-induced capillary recruitment is a determinant of glucose 
uptake in lean, but not in obese women with or without PCOS. Furthermore, our data provide 
correlative evidence that hyperandrogenism in PCOS may contribute to insulin resistance.

Studies over two decades have considered metabolic insulin resistance to be an integral patho-
genic feature of PCOS(18-20). Whereas metabolic insulin resistance is consistently demonstrated 
in obese women with PCOS, data are conflicting in lean women with PCOS(9; 20; 21). The present 
study demonstrates that obese women with PCOS have, independent of obesity, an impaired 
insulin-mediated glucose uptake(9). This finding is compatible with studies that suggest insulin 
resistance in skeletal muscle of obese PCOS women to involve both PCOS-specific and obesity-
related defects in insulin signaling (22; 23).

However, our data are not entirely conclusive about the presence of a reduced insulin-medi-
ated glucose uptake in the lean PCOS women. On average, lean women with PCOS do not 
have frank metabolic insulin resistance but ~30% of these women displayed a reduced insulin-
mediated glucose uptake in magnitude comparable to the obese groups (i.e. M/I < 1.0 (mg . kg-1 
. min-1 . pmol . L-1)x100), whereas this was the case in none of the lean control women (Figure 2 
and 3). This may imply that the lean PCOS group is heterogeneous concerning glucose uptake 
and that a subgroup of lean PCOS women is indeed insulin resistant. In support of such a 
hypothesis, studies that demonstrated a higher trunk/peripheral fat ratio in lean PCOS women 
could also demonstrate a reduced insulin-mediated glucose uptake(20). Studies that found com-
parable visceral fat accumulation in lean women with and without PCOS or adjusted for small 
differences in truncal- abdominal subcutaneous fat distribution did not demonstrate metabolic 
insulin resistance in lean PCOS(9; 24). Nevertheless, overall most studies suggest that obesity has a 
larger impact on insulin-mediated glucose uptake than PCOS per se(9; 20; 21; 24).

A key and novel finding of the present study was that both lean and obese PCOS women 
are characterized by impaired insulin-induced capillary recruitment. The finding of insulin-
induced capillary recruitment in healthy lean controls, which is impaired in obese subjects con-
firms earlier findings(6; 7; 25; 26). Impaired insulin-induced capillary recruitment has been stated 
to impede insulin delivery to skeletal muscle interstitium and thereby contribute significantly 
to impaired insulin-mediated glucose uptake and insulin resistance(4; 5; 27). In accordance with 
this statement and with earlier studies(7), the results showed that impaired insulin-induced capil-
lary recruitment is paralleled by reduced insulin-mediated glucose uptake in obese women with 
and without PCOS. In apparent contradiction, however, insulin-induced capillary recruitment 
appeared to be a determinant of glucose uptake only in lean but not in obese women with and 
without PCOS. This finding is in line with known capillary/tissue glucose exchange principles, 
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which suggest that insulin-induced capillary recruitment becomes more rate limiting for glucose 
uptake in situations in which tissue permeability to glucose is high(27). In contrast, when tissue 
permeability is relatively low, one would not expect capillary recruitment to have as great a mod-
ulating effect on glucose uptake. In the latter situation, cellular permeability of glucose would be 
rate limiting for overall glucose uptake. Insulin resistant states, such as obesity and obese PCOS, 
characterized by defects in insulin signaling impairing glucose transport(19; 23), therefore, would 
not be expected to exhibit capillary recruitment-limited glucose exchange. This may, in part, 
explain why the use of vasodilators to increase limb blood flow has generally been ineffective 
in increasing muscle glucose uptake in insulin resistant individuals (4). Nevertheless, it should 
be appreciated that these cross-sectional findings do by no means negate an important role of 
impaired insulin-induced capillary recruitment in the pathogenesis of insulin resistance.   

Experimental studies suggest that insulin resistance develops in the vasculature well before 
impaired insulin action is detected in muscle, liver, or adipose tissue, which raises the possibility 
that the early onset of vascular dysfunction could play a key role in the subsequent develop-
ment of muscle insulin resistance(28). Moreover, in lean PCOS women or in previously insulin-
resistant subjects in whom insulin action has been ameliorated, perfusion would be predicted to 
become relatively more rate limiting. Therefore, it follows logically that complete normalization 
of insulin action requires a physiologic vascular response to insulin. Interestingly, the normaliza-
tion of muscle insulin signaling in PCOS despite less than full normalization of insulin-stimu-
lated glucose uptake during treatment with thiazolidinediones(22; 29) might just indicate such a 
mechanism.

Both lean and obese women with PCOS exhibited elevated androgen levels. A previous study 
reported an inverse association between androgen levels and insulin-stimulated glucose uptake in 
women with hyperandrogenism(30). In addition, elevated androgen levels have also been found to 
be associated with impaired endothelium-dependent vasodilatation of resistance arteries in obese 
women with PCOS(31). Moreover, experimental studies in rats have demonstrated that androgen 
treatment was associated with a decrease in muscle capillary density which was paralleled by 
decreased insulin-mediated glucose uptake(32). These data raise the possibility that androgens 
may influence insulin-induced capillary recruitment and subsequent glucose uptake. In the pre-
sent study androstenedione was significantly and inversely associated with insulin-mediated glu-
cose uptake and tended to be associated with insulin-induced capillary recruitment only in lean 
PCOS women, but not obese PCOS women. Clearly, further studies are needed to define the 
precise mechanisms by which androgens impair insulin action on glucose metabolism.

This study has several limitations. First, it was cross-sectional and therefore any causal infe-
rence on the link between microcirculatory function and metabolic insulin resistance should be 
made with caution. Second, although muscle tissue is the main peripheral site of insulin- medi-
ated glucose uptake and vascular resistance, we studied skin and not muscle. However, the cuta-
neous microcirculation is considered a representative vascular bed to examine the mechanisms of 
generalized microvascular dysfunction(33; 34). The human skin is the only site available in humans 
to directly and non-invasively assess capillary density and recruitment of capillaries. Moreover, 
the effects of obesity and free fatty acids on insulin-mediated microvascular recruitment in mus-
cle(26; 35) can be reproduced in human skin(7; 8), suggesting that the vascular responses observed in 
skin reflect those in muscle. Third, the small sample size may have led to type 2 errors, especially 
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because microvascular measurements have a relatively large variability(9; 12), so that small dif-
ferences may have been missed.

To summarize, we demonstrate that PCOS per se is associated with impaired insulin-induced 
capillary recruitment. A profound reduction in insulin-mediated glucose could only be demon-
strated in obese women with PCOS, whereas lean PCOS women, although displaying a large 
variation in insulin-mediated glucose uptake, did not have frank metabolic insulin resistance. 
Our data indicate that insulin-induced capillary recruitment is a determinant of glucose uptake 
in lean PCOS women, but not in obese PCOS women. The role for hyperandrogenism in 
impaired insulin-mediated glucose metabolism warrants further studies.
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ABSTRACT 

Context	Polycystic	ovary	syndrome	(PCOS)	and	obesity	are	associated	with	cardiovas-

cular disease but it is unclear to what extent they contribute independently. Arterial 

stiffness might link obesity and PCOS to cardiovascular diseases. 

Objective Our objective was to investigate whether PCOS in the presence or absence 

of obesity is linked with arterial stiffness.

Design and Setting	We	conducted	a	cross-sectional	study,	including	31	obese	(18	with	

PCOS)	and	39	lean	(22	with	PCOS)	women.

Interventions and main outcome measures Estimates of arterial stiffness were 

obtained	by	ultrasonography	(distensibility	and	compliance	of	carotid,	femoral,	and	

brachial	arteries;	carotid	elastic	modulus	and	intima-media	thickness)	and	pulse	wave	

transit	time	analyses	(carotid-femoral	pulse	wave	velocity	and	aortic	augmentation	

index). 

Results Obese women, with or without PCOS, had stiffer arteries than lean women. 

After adjustment for 24-h mean arterial pressure and age, obesity was inversely asso-

ciated with the femoral, brachial and carotid distensibility coefficients [β(95%CI),	

-0.354(-0.614	to	-0.094),	-0.354(-0.547	to	-0.161)	and	-0.248(-0.370	to	-0.126)	10-3/kPA,	

respectively]	and	with	the	femoral	and	carotid	compliance	coefficients	[-0.296(-0.563	

to	-0.029)	and	-0.190(-0.377	to	-0.003)	mm2/kPA,	respectively],	but	not	with	the	bra-

chial	compliance	coefficient	[-0.018(-0.052	to	0.015)	mm2/kPA],	Young’s	elastic	modu-

lus	[0.049(-0.005	to	0.103)	kPA],	aortic	pulse	wave	velocity	and	aortic	augmentation	

index	[0.050(-0.959	to	1.058)	ms	and	-1.831	(-8.196	to	4.534%),	respectively].

Analyses with waist circumference as key independent variable gave broadly similar 

results. 

In contrast, PCOS was not associated with arterial stiffness estimates after adjust-

ment for the presence of obesity. 

Conclusions	In	young	obese	women	with	PCOS,	(central)	obesity,	rather	than	PCOS	

itself, is associated with increased arterial stiffness. These data emphasize that, from 

the perspective of cardiovascular risk reduction, the focus should be on central fat 

mass reduction in obese women with PCOS. 
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disorder in young 
women characterized by chronic anovulation, hyperandrogenism and (or) polycystic ovaries. 
Importantly, currently available evidence PCOS is in addition associated with an increased risk 
of cardiovascular disease(1-3). In part, this may be due to the fact that PCOS is often accompanied 
by obesity(4). Obesity, in turn, is associated with insulin resistance, hypertension and greater arte-
rial stiffness(5-7), and these are thought to be important pathways through which obesity increases 
the risk of cardiovascular disease. 

Because a substantial number of women with PCOS are not obese(1; 8), the question ari-
ses whether such women are also at a greater risk of cardiovascular disease, i.e. whether PCOS 
increases these risks independently of the presence of obesity. Similarly, in obese women with 
PCOS, the question remains whether the risks conferred by obesity and PCOS are additive. 
Recent studies of this issue suggest that, at least to some extent, it is obesity, not PCOS itself, 
which is associated with greater cardiovascular risk(8; 9), although PCOS itself may be associated 
with cardiovascular risk factors such as dyslipidemia, insulin resistance, and type 2 diabetes(9-11). 

In addition, PCOS has been suggested to be associated with arterial stiffening(12-17). 
Specifically, the term arterial stiffening refers to an impairment in the cushioning function 
of arteries, i.e. a diminished ability to convert the pulsatile blood flow from the heart into a 
steady and continuous stream throughout the arterial tree. Greater arterial stiffness may lead to 
increased systolic blood pressure, left ventricular hypertrophy and impaired coronary perfusion 
and thus increase the risk of stroke, heart failure, and myocardial infarction(18-21).

 However, studies of arterial stiffness in PCOS have not distinguished effects of obesity from 
those of PCOS(12; 14-17), and have not taken into account the fact that stiffness of elastic (eg, the 
carotid) and muscular (eg, the femoral) arteries may differ in their association with obesity(13; 14; 16; 17) 
and, potentially, PCOS. 

In view of these considerations, we investigated stiffness of the carotid, femoral and brachial 
arteries, and of the aorta, in lean and obese women with and without PCOS.

METHODS

Subjects
Seventy Caucasian women were recruited; 31 obese [ body mass index (BMI) > 30 kg/m2], 18 
of whom had PCOS, and 39 lean (BMI < 25 kg/m2), 22 of whom had PCOS. Women without 
PCOS were (as a group) age- and weight-matched to those with PCOS. PCOS was determined 
according to the definition of the European Society of Human Reproduction and Embryology /  
American Society of Reproductive Medicine(22). All had polycystic ovarian morphology on trans-
vaginal ultrasound; 14 obese and 19 lean PCOS patients fulfilled all three Rotterdam criteria. 
All women without PCOS had a normal ovarian morphology on ultrasound, had a regular cycle 
and no clinical or laboratory features of PCOS. All participants were non-smokers and had not 
used any medication or oral contraceptives for the last three months. All were healthy as judged 
by medical history, had normal fasting glucose levels, and were nondiabetic(23) and normotensive 
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(< 140/90 mm Hg) as determined by triplicate office blood pressure measurement. Exclusion 
criteria for all subjects included abnormal thyroid-stimulating hormone (TSH), prolactin, 17α 
hydroxyprogesterone (17-OHP) or dehydroepiandrosterone sulfate (DHEAS) serum levels, and 
pregnancy. Most women were recruited from the Department of Reproductive Endocrinology 
of the VU Medical Centre, Amsterdam, The Netherlands. Others were recruited through adver-
tisements in local newspapers. The study was approved by the Medical Ethical committee of the 
VU University Medical Center and all participants signed an informed consent.

General Procedures
Because of the potential influence of changes in progesterone level or ovulation on arterial pro-
perties(24; 25), study visits were scheduled on cycle day 13-16 and on cycle day 5-9 for women 
with and without PCOS, respectively.

Arterial Properties
The research protocol for the study of (local) arterial properties has been extensively described 
elsewhere(26-29) and was executed according to international guidelines(30).

In brief, estimates of arterial stiffness were determined with the use of ultrasonography, radial 
applanation tonometry and pulse wave transit time analyses(30). We determined carotid, femo-
ral and brachial artery distensibility [2ΔD × D + ΔD2) / (ΔP × D2) in 10-3 · kPa-1] and com-
pliance [π(2D × ΔD + ΔD2) / (4 × ΔP) in mm2 · kPa-1] and carotid Young’s elastic modulus 
[D / (IMT) × distensibility) in kPa], where ΔP stands for local pulse pressure according to the 
calibration method of Van Bortel(30), D for diameter, ΔD for distension and IMT for intima-
media thickness. The aortic augmentation index was calculated as augmented pressure divided 
by (tonometrically derived) central pulse pressure, ×100 to give a percentage. Because the aor-
tic augmentation index is a ratio of three aortic pressure values, the influence of any system-
atic errors in the estimation of aortic pulse pressure by the transfer function will be minimal 
(29). Carotid-femoral pulse wave velocity (PWV) was calculated according to the formula PWV 
(meters per second) = distance (meters) / transit time (seconds).

Other measurements
Ambulatory 24-h blood pressure monitoring (Spacelabs 90207, Redmond, WA) was performed 
as described previously(31; 32). During the day that arterial properties were assessed, brachial sys-
tolic and diastolic pressures were measured in the left upper arm at 5-minute intervals with 
an oscillometric device (Collin Press-Mate, BP-8800). Brachial pulse pressure was calculated 
as systolic minus diastolic pressure, and brachial mean arterial pressure (MAP) as (2 × diastolic 
pressure + systolic pressure)/3. Insulin sensitivity was determined with the hyperinsulinemic, 
isoglycemic clamp technique as described previously (33), with glucose concentrations clamped 
at fasting level and an insulin infusion rate of 40mU . m-2 . min-1. The M-value was defined as 
the glucose infusion rate during the second hour of the clamp expressed per kilogram of body 
weight. The M/I value is the M-value expressed per unit of plasma insulin concentration. To 
determine waist and hip circumferences and the waist-to-hip ratio (WHR), we measured the 
circumferences of the waist at umbilicus height and hip at the level of widest circumference over 
the buttocks with a flexible steel tape to the nearest 0.1 cm. The mean of two measurements was 
used for analyses. 
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Laboratory procedures
Blood was collected in the fasting state. All serum samples were immediately centrifuged at 
4ºC and stored at -80 ºC. Insulin was measured by using an immunometric assay with lumi-
nescence (Bayer Diagnostics, Mijdrecht, the Netherlands). The interassay coefficient of varia-
tion was below 5% and the intra-assay coefficient of variation was below 10%. Glucose was 
measured with the hexokinase method (Roche Diagnostics, Mannheim Germany). The inter- 
and intra-assay coefficients of variation were both below 2%. An immunometric assay (Delfia; 
Wallac, Turku, Finland) was used to measure LH and FSH in serum. Estradiol levels were mea-
sured using a radioimmunoassay with double antibody (Diasorin, Saluggia, Italy). A competi-
tive immunoassay with luminescence was used to measure progesterone (Abott Laboratories 
Diagnostic Division, Abott Park, IL). Testosterone and 17 OH-progesterone levels were mea-
sured with a competitive immunoassay (DRG Instruments, Marburg, Germany). SHBG level 
was measured by using an immunometric assay (Immulite 2500; Diagnostic Products Corp., 
Los Angeles, CA). The free androgen index was calculated from the total testosterone compared 
to sex hormone-binding globulin (SHBG) levels × 100. A RIA was used to measure andro-
stenedione levels (Diagnostic Systems Laboratories, Webster, TX) and DHEAS (Diagnostic 
Products). TSH, total cholesterol, HDL and triglycerides were measured with enzymatic colo-
rimetric assays (Roche diagnostics, Mannheim, Germany). LDL was calculated according to 
Friedewald formula. Free fatty acids (FFA) were measured with an enzymatic colorimetric test 
(NEFA-C; WAKO chemicals, Neuss, Germany). All laboratory assays were performed in the 
clinical chemistry / endocrinological laboratory of the VU Medical Center.

Statistical analyses 
All analyses were performed with SPSS 15.0 (Chicago, IL). The distribution of variables was 
tested for normality. Data are expressed as mean±SD or as median (interquartile range), as 
appropriate. To examine the differences in anthropometric, laboratory and arterial properties 
between lean PCOS, obese PCOS and matched controls, we used one-way analysis of variance 
(ANOVA) with post hoc analyses (Bonferroni). In addition, two way ANOVA, with presence or 
absence of PCOS and presence or absence of obesity as fixed factors, was used to compare PCOS 
with controls, lean with obese women, and the interaction between PCOS and obesity.

We used linear regression analyses to investigate the associations between (presence or absence 
of ) obesity and PCOS, i.e. the independent variables, on the one hand and measures of arterial 
stiffness, i.e. the dependent variables, on the other. In addition, the dependent variables used 
in the linear regression model were carotid artery distensibility, compliance and elastic modu-
lus; femoral artery distensibility and compliance; brachial artery distensibility and compliance; 
carotid-femoral (aortic) pulse wave velocity; and aortic augmentation index. The use of linear 
regression analyses did not violate any model assumptions as in both women with and without 
PCOS arterial stiffness increased with increasing measures of obesity. All associations were first 
analyzed without adjustments and then with adjustment for potential confounders. In addition, 
we tested for interaction to see whether the association between (the presence or absence) obesity 
and arterial stiffness differed between those with and without PCOS. P < .05 was considered 
statistically significant, except for the interaction analyses, where we used P < .10.



118

chapter 7

RESULTS

Characteristics of the study population (Table 1)
By design, obese women had higher BMI, waist circumference and WHR compared to lean 
women. Women with PCOS had higher androstenedione, free testosterone (i.e. free androgen 
index) and LH levels as compared to those without PCOS. In general, obese women, regard-
less of the presence or absence of PCOS, had a less favorable cardiovascular disease risk factor 
profile (i.e. higher systolic blood pressure, triglycerides and lower HDL cholesterol). In addition, 
the obese groups had a significantly lower M/I value than the lean groups. Obese women with 
PCOS had a significantly lower M/I value compared with obese controls, but M/I values were 
not different between lean PCOS and controls.

The 24-h ambulatory blood pressure measurements (Table 1)
Two obese PCOS individuals, two lean PCOS individuals, two obese controls and one lean 
control did not complete the blood pressure measurements because of intolerance to the con-
tinuous presence of the cuff around the arm during the night (of these individuals we report only 
daytime measurements). Blood pressures did not differ between lean PCOS individuals and lean 
controls. Obese, as compared to lean women, had higher 24-h systolic but not diastolic blood 
pressure, and thus higher pulse pressure. Obese women with PCOS had lower systolic and mean 
blood pressure than obese women without PCOS. In addition, differences between daytime and 
night-time blood pressures, although not significantly different between obese and lean women, 
were directionally similar as compared to 24-h blood pressure measurements (Table 1).
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Table 1 Characteristics of lean and obese women with PCOS and their controls

Data	are	presented	as	mean	±	standard	deviation	or	median	[interquartile	range].	aP<0.05,	bP≤0.01 PCOS vs. 
corresponding	control	group;	cP<	0.05,	dP≤0.01 obese PCOS vs.	lean	PCOS;	eP<0.05,	fP<0.01	obese	controls	
vs. lean controls.
M/I	value	is	the	glucose	infusion	rate	during	the	second	hour	of	the	hyperinsulinemic	clamp	expressed	per	
kilogram	body	weight	and	per	unit	of	plasma	insulin	concentration;	bpm	is	beats	per	minute;	FFA:	free	fatty	
acids;	DHEAS:	Dehydroepiandrosterone	sulfate	

LEAN OBESE

SI units CONTROLS PCOS CONTROLS PCOS

n 17 22 13 18

Age years 27.7±5.3 28.6±4.5 28.6±5.3 30.3±4.2

BMI kg/m2 22.2±1.7 22.0±2.2 40.5±7.0f 36.2±5.9d

WHR 0.76±0.03 0.78±0.05 0.80±0.01 0.84±0.05ad

Waist cm 74.3±3.7 75.5±6.0 105.7±12.1f 107.1±12.3d

24-h Systolic Pressure mmHg 110±9 112±8 130±14f 120±8c

24-h Diastolic Pressure mmHg 67±8 70±8 73±12 70±8

24-h Mean Arterial
Pressure

mmHg 82±8 84±7 92±12f 86±5

24-h heart rate bpm 70	±	6	 68	±	10 75	±	6	 76	±	9c

Ambulatory Systolic 
pressure, day

mmHg 114	±	10	 116	±	8	 131	±	12f 124	±	8	

Ambulatory Diastolic pres-
sure, day

mmHg 72	±	8	 78	±	13 75	±	11	 74	±	5

Ambulatory Mean arterial 
pressure, day

mmHg 86	±	8	 88	±	7	 94	±	11	 91	±	5	

Hour heart rate, day bpm 75	±	7	 73	±	11 77	±	7	 81	±	8c

Ambulatory Systolic 
pressure, night

mmHg 101	±	9	 99	±	12	 118	±	19f 113	±	8d 

Ambulatory Diastolic 
pressure, night

mmHg 58	±	8	 58	±	5 62	±	10	 62	±	5

Ambulatory Mean arterial 
pressure, night

mmHg 73	±	8	 72	±	6	 81	±	12		 79	±	6	

Hour heart rate, night bpm 63	±	6 59	±	9 70	±	8	 67	±	9c

M/I	value (mg•kg-1•min-1/	
pmol•l-1)*100

1.6[1.5-1.9] 1.5[0.9-2.1] 0.7[0.5-1.0]e 0.5[0.3-0.6]ad

Cholesterol mmol/l 4.0±0.6 4.2±0.9 4.1±0.7 4.7±1.1

HDL cholesterol mmol/l 1.6±0.3 1.6±0.4 1.2±0.3f 1.3±0.2

LDL cholesterol mmol/l 2.1±0.5 2.3±0.6 2.5±0.5 2.8±1.0

Triglycerides mmol/l 0.6±0.2 0.7±0.2 0.8±0.4 1.2±0.5ad

Free Fatty Acids μmol/l 0.6±0.3 0.5±0.2 0.6±0.1 0.7±0.2c

LH U/l 4.7±2.2 8.0±3.9b 3.7±	0.9 7.4±2.8b

FSH U/l 6.0±1.6 4.6±1.0a 5.4±0.9 4.9±1.0

Estradiol	(E2) pmol/l 139.7±93.0 152.9±105.3 126.4±61.4 134.4±39.1

17 OH-progesterone nmol/l 2.1±0.5 2.7±1.0 2.1±0.9 2.8±1.3

DHEAS μmol/l	 4.6±1.5 5.2±2.1 6.4±2.1 6.3±3.3

Androstenedione nmol/l 4.8±1.2 7.0±1.8b 4.9±1.7 7.7±2.4b

Testosterone nmol/l 1.2±0.4 1.4±0.5 1.4±0.4 1.9±0.4ac

Free androgen index % 2.8±2.0 3.1±1.4 6.0±3.6e 8.9±3.7ad
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Arterial stiffness estimates (Tables 2 -4)

Among the lean women, individuals with and without PCOS did not differ with regard to caro-
tid artery distensibility, compliance, and elastic modulus; femoral and brachial artery distensibi-
lity and compliance; carotid-femoral (aortic) pulse wave velocity; and aortic augmentation 
index. Carotid, femoral and brachial diameters, distensions and pulse pressures, and carotid 
intima-media thickness also did not differ significantly between these groups (Table 2).

Similarly, among the obese women, individuals with and without PCOS did not differ with 
regard to carotid artery distensibility, compliance and elastic modulus; femoral and brachial 
artery distensibility and compliance; carotid-femoral (aortic) pulse wave velocity; and aortic 
augmentation index. Carotid and brachial diameters; carotid, femoral, and brachial distensions 
and pulse pressures, and carotid intima-media thickness also did not differ significantly between 
these groups. 

In general, obese women, regardless of the presence of PCOS, tended to have stiffer arteries 
than lean women. This was statistically significant for carotid artery distensibility, compliance 
and elastic modulus; femoral artery distensibility and compliance; and brachial artery disten-
sibility, but not for carotid-femoral (aortic) pulse wave velocity and aortic augmentation index 
(Table 2). 

In addition, there was no statistically significant interaction between PCOS and obesity with 
regard to the different parameters of arterial stiffness, with the exception of brachial artery pulse 
pressure (P < 0.05, perchance as a result of multiple testing)(Table 2). 

Regression analyses (Table 3) confirmed the above results, i.e. that obesity but not PCOS was 
associated with arterial stiffness estimates. Crude analyses (models A) showed that obesity but 
not PCOS was significantly inversely associated with the femoral, brachial and carotid distensi-
bility coefficients and with the femoral and carotid compliance coefficients, and positively with 
carotid Young’s elastic modulus. After adjustment for age and 24-h mean arterial pressure (or 
daytime mean arterial pressure in those in whom 24-h pressures were not available), the results 
were not materially altered (models B), with the exception of carotid Young’s elastic modulus 
where the association with obesity was no longer statistically significant. 

Because it has been reported that different fat depots throughout the body might differ with 
regard to their association with arterial stiffness(34), we repeated the analyses for the association 
between waist circumference and the arterial stiffness (Table 4). These analyses showed that 
waist circumference was inversely associated with arterial distensibility and compliance (with 
the exception of the brachial artery compliance coefficient) and positively with Young’s elastic 
modulus, and that the presence of PCOS had no discernible influence (models A). Again, after 
additional adjustment for age and 24-h mean arterial pressure (or daytime mean arterial pres-
sure in those in whom 24-h pressures were not available), the results were not materially altered 
(models B), with the exception of the carotid compliance coefficient, where the association with 
waist circumference was no longer statistically significant. 

Insulin sensitivity (i.e. M/I value), but not PCOS, was associated with several arterial stiffness 
estimates, i.e. carotid artery distensibility, compliance and elastic modulus (the latter inversely); 
femoral artery distensibility and compliance; and brachial distensibility. However, after adjust-
ment for obesity these relationships were no longer significant with the exception of carotid 
Young’s elastic modulus, where the inverse association with insulin sensitivity remained statisti-
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cally significant (P=0.02). In addition, androgen levels (with or without adjustment for obesity) 
were not associated with arterial stiffness (P>0.02)(data not shown).

Finally, the associations between obesity and arterial stiffness estimates did not differ with 
regard to the presence or absence of PCOS (P-value for interaction in all cases >.25 (data not 
shown)). 

In the above analyses, we used 24-h mean arterial pressure as the best estimate of the true 
mean arterial pressure the arteries are exposed to. It might be argued, however, that mean arte-
rial pressures during the ultrasound measurement and during radial applanation tonometry, 
although considerably less accurate, are a better estimate of the mean arterial pressure at the 
measurement time. When we repeated the above analyses with adjustment for mean arterial 
pressures as measured during the ultrasonography instead of 24-h mean arterial pressure, the 
associations between obesity and arterial stiffness estimates remained directionally similar, but 
only brachial artery distensibility was statistically significantly different between obese and lean 
women [10.5 (9.0;12.2) vs. 14.6 (12.8;16.6) 10-3/kPa, P<0.01]. 
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Table 2 Arterial properties of lean and obese women with and without PCOS  
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Table 3 Associations of obesity and polycystic ovary syndrome with arterial stiffness estimates without 

and with adjustment for age and 24-h mean arterial pressure 
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Table 4 Associations of waist circumference and polycystic ovary syndrome with arterial stiffness esti-

mates without and with adjustment for age and 24-h mean arterial pressure 
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DISCUSSION 

The main finding of this study was that (central) obesity, but not PCOS, was associated with 
greater arterial stiffness. In addition, PCOS had no discernible influence on the association 
between obesity and increased arterial stiffness. Taken together, these results suggest that any 
greater arterial stiffness in young women with PCOS is conferred by the effects of obesity, not 
by PCOS itself. To our knowledge, this is the first comprehensive study taking into account 
stiffness in both elastic and muscular arteries in both lean and obese women with and without 
PCOS. Our findings are in line with earlier observations, in which PCOS itself was not associa-
ted with impairment of endothelial microvascular function in lean women (9), and suggest that 
an important part of the greater cardiovascular risk associated with PCOS is actually related to 
obesity, not to PCOS itself. 

It has been recognized that PCOS is associated with cardiovascular disease risk factors such 
as obesity, insulin resistance, type 2 diabetes, elevated blood pressure en dyslipidemia(35; 36). 
However, all of these abnormalities are also common in obese subjects. Whether or not PCOS 
per se is a risk factor, independent of obesity is controversial. Evidence to support this association 
was provided by a large scale epidemiologic study that found that PCOS was associated with 
lipid and insulin disturbances early in life which may lead to preclinical atherosclerosis later in 
life (37) . In addition, a study which used a risk factor model using independent risk factors for 
myocardial infarction demonstrated that women with PCOS had a significantly increased risk 
of myocardial infraction (relative risk, 7.4) compared with controls(38). Despite the evidence of 
increased cardiovascular risk in PCOS, data on morbidity and mortality endpoints of cardiovas-
cular diseases have yet to be reported (39; 40). Unfortunately, some studies were limited by their 
retrospective design and lack of adjustment for obesity(41-43). The present study, with an appro-
priate study design to evaluate the independent contribution of PCOS and obesity with regard 
to arterial stiffness, indicates that the independent contribution of obesity is more important 
than the independent contribution of PCOS. 

Previous investigations, which investigated one type of artery(13; 16; 17), pulse wave velocity over 
elastic and(or) muscular vascular regions(12; 14), or small and large arterial compliance(15), showed 
somewhat discordant results. This may be related to the fact that some of these studies did not 
adjust for blood pressure or BMI(12; 14; 16; 17). Nevertheless, our results are in line with Muneyyirci-
Delale et al.(15), who showed that, after adjustment for BMI, the association between PCOS and 
greater arterial stiffness was no longer statistically significant. In contrast, a study by Lakhani et 
al.(13) showed greater carotid arterial stiffness in young women with PCOS compared to con-
trols, even if blood pressure and BMI were taken into account. However, no lean PCOS patients 
were included in this study. Our results contrast also with those of Meyer et al.(14), who showed 
increased pulse wave velocity over the carotid-femoral tract in young obese PCOS women com-
pared to obese controls. However, no adjustments were made for blood pressure or BMI. Such 
adjustments were also lacking in a study by Kelly et al.(12), but interestingly, Kelly et al. reported 
increased pulse wave velocity of the carotid-brachial tract, but not of the carotid-femoral tract 
in young obese PCOS women as compared to obese controls. This observation thus raises the 
important issue of whether arterial stiffening in PCOS can differ between muscular (or peri-
pheral) arteries and elastic (or central) arteries). Pathophysiologically, the preservation of central 
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over peripheral arterial distensibility and compliance would protect the heart, at least partially, 
from any stiffness-associated increases in cardiac afterload. Nevertheless, in our study PCOS was 
not associated with stiffening of either muscular or elastic arteries. 

The results of the present study support the concept that central obesity represented for 
example by waist circumference plays an important role in the association between obesity and 
arterial stiffness. Several factors associated with central obesity may play a role, such as increased 
lipolytic activity of visceral adipocytes , high levels of insulin, high levels of pro-inflammatory 
cytokines, increased sympathetic nervous system activity and an altered balance between vaso-
dilatory and vasoconstricting substances, all of which have been shown to influence both the 
arterial endothelial lining as well as its matrix, which play key roles in the process of arterial 
stiffening(44). 

Our study had several limitations. First, we studied young women with PCOS and inferences 
to older women with PCOS should be made cautiously. Second, our study does not fully exclude 
any association between PCOS and arterial stiffness because of the relatively small sample size of 
our study. Our data, nevertheless, show that if there is some influence of PCOS on arterial stiff-
ness it will be relatively small.  

In summary, in young women with PCOS, obesity, rather than PCOS itself, is associated 
with greater arterial stiffness. These data support the concept that an important part of the grea-
ter cardiovascular risk associated with PCOS is related to obesity, not to PCOS itself. From the 
perspective of cardiovascular risk reduction, lifestyle changes to reduce obesity should be high on 
the list of priorities in the care of women with PCOS.
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In the current project we aimed to investigate vascular function and insulin sensitivity in patients 
with PCOS while controlling for BMI as measure of body composition, the cycle-dependent 
variation of female sex hormones on vascular function, and by applying the gold standard to 
determine insulin sensitivity. Furthermore in order to avoid potential variation with respect to 
PCOS diagnosis, each patient had to meet each of the following 3 criteria; oligoamenorrhea, 
hyperandrogenism and polycystic ovaries with ultrasound. Furthermore, all these features had 
to be absent in controls. In the next paragraphs the results of the studies of the present thesis are 
discussed.

METHODOLOGICAL CONSIDERATIONS

Selecting a valid separator for body fat mass
As obesity plays a (central) role in the development of cardiovascular risk factors in women with 
PCOS, we were interested in whether BMI is a valid separator. Especially, central fat mass is 
increasingly recognized as an independent risk factor for cardiovascular disease(1-5) and meta-
bolic disease as well as overall mortality. In contrast, peripheral fat mass may independently 
contribute to a lower risk of cardiovascular disease(4-10). The gold standard techniques for deter-
mining body fat (distribution) computed tomography (CT) and DXA use ionising radiation 
and are costly and time-consuming. Therefore, simple anthropometric measurements are to be 
preferred particularly in studies with large samples. The study in chapter 3 indicated that, in 
Dutch Caucasians, truncal skinfolds, waist circumference and BMI were positively correlated 
with central fat mass as measured by DXA. To determine fat distribution in women, i.e. central 
vs. peripheral fat mass, the skinfold ratio [(SS+SI)/BMI] is the best anthropometric alternative. 
In addition, WHR does not seem appropriate for the measurement of body fat distribution. 

However, some limitations of our study have to be discussed first. Since the study was under-
powered for the purpose of the prediction of body fat distribution in an obese population (BMI 
> 30), this needs further investigation. Another limitation is that the study group was Caucasian. 
Ethnic variation of body fat distribution is well known. Black women, for example, have more 
bone and muscle mass, but less fat, as a percentage of body weight, than white women, after 
controlling for ethnic differences in age, body weight, and height(11). Therefore, heterogeneity of 
waist circumference(12) and skinfold(13) cut-off points have been reported. Conclusions derived of 
the present study should only be used in Caucasian populations.

Nevertheless, in particular WHR is considered the standard anthropometric technique to 
assess body fat distribution(14). It is widely used and established in cross-sectional(15), longitudi-
nal(16) and intervention studies and it is a robust predictor of disease risk and mortality(15; 17; 18). 
Therefore, WHR, rather than BMI, has been generally employed for the assessment of body 
fatness (18). However, regarding the distribution of body fat, we failed to validate WHR against 
DXA data (chapter 3). This may be due to the fact that WHR is largely dependent on pelvic 
bone structures. This in turn produces variability that makes differentiation between distribu-
tion of fat and fat-free tissues less accurate and thus less reliable(19; 20). Therefore, the importance 
of waist circumference instead of WHR has recently been recognized(21-23).However, the waist 
circumference is not always a stronger predictor of cardiovascular risk than the WHR(24). 
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In addition BMI, which is often used and assumed to represent the degree of body fat, is an 
established and strong predictor of cardiovascular disease(25).

Based on these findings we felt comfortable using BMI as separator. Furthermore, this mea-
sure allowed for an easier comparison of our data with the existing literature in which BMI is 
predominantly used. However, in future studies waist circumference is still preferable particu-
larly when the effect of central fatness on cardiovascular risk factors is studied. 

The influence of female sex hormones changes during the menstrual cycle on microvascu-
lar and metabolic function 
The influence of female sex hormones on vascular and metabolic function is complex and not 
fully understood. However, cycle-dependent hormonal fluctuations are known have an effect on 
cardiovascular variables. For example, total plasma cholesterol, low density lipoprotein choles-
terol, and apolipoprotein A1 concentrations decrease and high density lipoprotein cholesterol 
and apolipoprotein increase during the luteal phase as compared with the follicular phase(26; 27). 
In addition, many factors which act on the vascular wall, such as nitric oxide synthase(28), vas-
cular endothelial growth factor(29), and P-selectin(30), demonstrate a menstrual cycle dependent 
variation. There is clear evidence that persisting hyper- and hypoestrogenism, for example dur-
ing pregnancy, hormone (replacement) therapy or the postmenopause, can affect vascular and 
metabolic function(31; 32). However, studies investigating changes of vascular and metabolic func-
tion in relation to subtle sex hormones changes during the menstrual cycle, have been inconclu-
sive(33-40). 

In chapter 4 we showed that, in healthy ovulatory women, microvascular responses, i.e. endo-
thelium- (in)dependent vasodilation, capillary function and vasomotion, do not demonstrate a 
clear menstrual cycle-dependent variation. Yet another study has confirmed our data and they 
also find that there was no influence of cycle-dependent sex hormone changes on microvascular 
function(41). In addition, circulating estrogen concentrations during the menstrual cycle did not 
correlate with any of these microvascular responses. 

The fact that we failed to find variation in microvascular function does not imply that there 
are no changes in the determinants of that function(42-47). For example, it is possible that during 
the hyperestrogenic phase NO production increases, but that it is balanced by an increase in the 
activity of the renin-angiotensin-aldosterone system(48). In addition, the small sample size of the 
present study may have led to type 2 errors, especially because microvascular measurements have 
a relatively large variability(49), so that small differences may have been missed.

We also did not find cycle-dependent variation in insulin sensitivity (i.e. metabolic function), 
or blood pressure. However, a point of critique pertaining to our insulin-sensitivity is that we 
used a relatively crude measure (HOMA), rather than the gold standard (the euglycemic, hyper-
insulinemic clamp technique). Nevertheless, although the literature on the cycle-dependent 
variation in insulin sensitivity is not completely consistent(50-56), studies that have used the eugly-
cemic hyperinsulinemic clamp technique have consistently failed to show significant differences 
in insulin sensitivity between follicular and luteal phases(57-59). 

From a practical perspective, the consequence of any (subtle) cycle-dependent variation of 
microvascular function exists would be that microvascular studies should be standardized with 
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regard to the cycle-dependent hormones changes. At the time we initiated the studies described 
in chapters 5, 6 and 7 we could not rule out that metabolic and vascular physiology were under 
the influence of ovulation and sex hormone production. Therefore, for PCOS patients, all mea-
surements were scheduled on cycle day 13-16 and for women without PCOS on cycle day 5-9. 
This was done because in these periods metabolic and vascular physiology is thought to be least 
affected by ovulation and progesterone production(60; 61). However, in future studies, microvascu-
lar function as presented in chapter 4, do not necessarily need to be standardized with regard to 
the hyper- or hypoestrogenic phase of the menstrual cycle.

OVERALL INTERPRETATION OF MAIN FINDINGS 

Metabolic insulin resistance in PCOS
As already stated in the introduction of the present thesis, there is controversy in the literature 
regarding the presence of hyperinsulinemia and or metabolic insulin resistance in PCOS. Some 
studies consider insulin resistance as a regular component of PCOS in all women whereas there 
is also evidence that there are no differences in metabolic insulin resistance between PCOS and 
controls (see box 1).

Box 1 Evidence of insulin resistance in PCOS

Studies which demonstrated insulin resistance as intrinsic feature of PCOS
Author/date Patient population Measure technique IR

Chang, 
1983(62)

Dunaif, 
1989(63)

Dunaif, 
1992(64)

Dunaif,
 1996(65)

Morales, 
1996(66)

Toprak, 
2001(67)

10	Lean	PCOS	vs.	10	lean	controls	(USA)

19 Obese and 10 non-obese PCOS vs. age- 
and	body	weight	matched	controls	(USA)

16 Obese and 14 non-obese PCOS vs. age- 
and	body	weight	matched	controls	(USA)

15 Obese and 13 non-obese PCOS vs. age- 
and	weight-matched	controls	(USA)

Negative trend of decreasing IR towards 
8 lean controls, 8 lean PCOS, 8 obese 
controls	and	8	obese	PCOS	(USA)

12 Non-obese PCOS vs. age- and body 
weight	matched	controls	(Turkey)

OGTT

Euglycemic hyper-
insulinemic clamp

Euglycemic hyper-
insulinemic clamp

Euglycemic hyper-
insulinemic clamp

IVGTT

Euglycemic hyper-
insulinemic clamp
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There are several possible explanations of this controversy: 1) more frequent finding of meta-
bolic insulin resistance in papers from the USA, which might be a consequence of different 
ethnic backgrounds or different lifestyle factors(75), 2) insufficient consideration of potential 
confounding factors, i.e. BMI or even more important central obesity determined by waist cir-
cumference, positive family and personal history (for type 2 diabetes/ gestational diabetes and 
cardiovascular diseases), 3) heterogeneity of the syndrome and weak diagnostic criteria resulting 
in studying different subgroups of patients, 4) small sample size and 5) different techniques used 
to determine hyperinsulinemia or metabolic insulin resistance. 

Experimental studies have demonstrated metabolic insulin resistance in skeletal muscles 
of PCOS women involving both PCOS-specific and obesity-related defects in insulin signal-
ing(76-78). Consistent with such findings, our work indicates that obesity has the largest negative 
impact on insulin-mediated glucose uptake. 

Moreover, the presence of PCOS was associated with a further deterioration of insulin-me-
diated glucose uptake as compared to obese controls. In contrast, although displaying a large 
variation in insulin-mediated glucose uptake, lean women with PCOS did not have frank meta-
bolic insulin resistance. Remarkably, some of the lean PCOS women had M/I values as low as 
those of participants in the obese groups whereas this was not the case in any of the lean controls. 

Studies which demonstrated insulin resistance is not associated with PCOS per se
Author/ date Patient population Measure technique IR

Ehrman, 

1995(68)

Holte, 

1994(69)

Holte, 

1995(70)

Morin-Papunen, 

2000(71)

Ovesen,

1993(72)

Vribikova, 

2004(73)

Svendsen

2008(74)

24 Obese PCOS vs. weight matched controls 

(USA)

41	PCOS	and	39	controls	(Sweden)

After weight reduction of 13 obese PCOS signifi-

cant	insulin	sensitivity	improvement	(Sweden)

15 Obese and 28 lean PCOS vs. body weight 

matched	controls	(Finland)

7 Lean PCOS vs. age- and body weight matched 

controls	(Denmark)

53 Lean PCOS and 30 obese PCOS vs. age- and 

body	weight	matched	controls	(Czech	Republic)	

18 Obese and 17 lean PCOS vs. age- and body 

weight	matched	controls	(Denmark)

[obesity had a larger impact on IR than PCOS]

IVGTT

Euglycemic hyper-

insulinemic clamp

Euglycemic hyper-

insulinemic clamp

OGTT

Euglycemic hyper-

insulinemic clamp

Euglycemic hyper-

insulinemic clamp

Euglycemic hyper-

insulinemic clamp
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This indicates that a subgroup of lean PCOS women may indeed be insulin resistant. It implies 
that the lean PCOS group is heterogeneous concerning glucose uptake. So far it is unclear what 
factors contribute to insulin resistance in these lean women with PCOS. Potential candidates are 
variables such as PCOS-related hyperandrogenism(79) or increased central fat mass despite nor-
mal BMI(74). In this regard, our data point into the direction of hyperandrogenism (chapter 6).

To conclude, obesity is the most important determinant of metabolic insulin resistance. In 
addition, PCOS causes an increased deterioration of metabolic insulin resistance (i.e. impaired 
insulin-mediated glucose uptake) in obese women. However, lean PCOS women, although dis-
playing a large variation in insulin-mediated glucose uptake, did not have frank metabolic insu-
lin resistance. 

Microvascular insulin resistance in PCOS
We focused on microvascular insulin resistance because this is thought to be an important path-
way linking obesity and, possibly, PCOS to cardiovascular and metabolic diseases, such as dia-
betes(49; 80-85). There is evidence that, at least in muscle, there exist two separate circulations, 
i.e. the nutritive and non-nutritive route(86). The nutritive route delivers nutrients, hormones 
and oxygen to the peripheral muscle tissue whereas the non-nutritive route serves as a func-
tional vascular shunt(87). Clark et al have suggested that insulin is capable of switching blood flow 
from non-nutritive to nutritive microvascular beds, thereby enhancing the delivery of glucose 
and insulin to muscle tissue.(80). Obese women are unable to increase microvascular blood flow 
du ring hyperinsulinemia and they tend to show a decreased insulin-mediated glucose uptake(87). 
This phenomenon may be considered microvascular insulin resistance and may contribute to 
the initial development of metabolic insulin resistance. However, so far, it is unknown whether 
microvascular insulin resistance is present in other states often associated with insulin-resistant 
states such as PCOS.

We therefore investigated microvascular insulin resistance as 1) endothelium-dependent 
vasodilation in response to insulin applying ion¬tophoresis of acetylcholine (ACh) in combina-
tion with laser Doppler fluxmetry and 2) insulin-induced capillary recruitment using capillary 
microscopy.

1) Endothelium-dependent vasodilatation as respons to insulin
Various studies have addressed the effect of insulin on endothelium-dependent vasodilatation 
in women with PCOS(88). Carmassi et al. found an impaired effect of insulin in metabolically 
insulin- resistant women with PCOS, as compared to metabolically insulin-sensitive women 
with and without PCOS(89). Others demonstrated an impaired effect of insulin on the microcir-
culation of the gluteal region ex vivo(90) or of the leg in vivo(91-93) in only obese women with and 
without PCOS.

The present thesis added to these earlier studies in two important ways. First, determine 
the effects of insulin on the microcirculation, which is important for insulin-mediated glucose 
uptake rather than on non-nutritive resistance vessels and total blood flow and second, with 
an appropriate study design we were able to study the independent contribution of PCOS and 
obesity.

Clearly obesity and not PCOS itself has a negative effect on endothelium-dependent vaso-
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dilation as response to insulin (i.e. microvascular insulin resistance) (chapter 5). Indeed, others 
found that obesity and insulin resistance are associated with distorted endothelium- dependent 
but not endothelium- independent vasodilatation, with failure of hyperinsulinemia to augment 
endothelium- dependent vasodilatation(49; 94). This indicates that obesity is associated with endo-
thelial dysfunction and endothelial resistance to the enhanced effect of insulin on endothelium- 
dependent vasodilatation. Endothelial dysfunction might therefore contribute to the increased 
risk of atherosclerosis in obese insulin- resistant subjects, such as those with PCOS(95; 96).

2) Insulin-induced capillary recruitment
A key and novel finding is that not only obese PCOS but also lean PCOS women are characte-
rized by impaired insulin-induced capillary recruitment (chapter 6). The insulin-induced capil-
lary recruitment we found exclusively in healthy lean controls and the strong impairment of this 
response in obese controls confirms earlier findings(49; 97-99). 

An explanation of this finding is that in lean PCOS women, insulin-mediated glucose uptake 
remains to some extent regulated by capillary dependent delivery of insulin to the target tissues, 
whereas in obese PCOS women such regulatory mechanisms are completely absent. 

These findings are in line with known capillary-to-tissue glucose exchange principles. They 
suggest that insulin-induced capillary recruitment has a dominant role in regulation of glucose 
uptake. Therefore, this can thus be a relatively influencial rate limiting part of glucose uptake 
in situations in which tissue permeability to glucose is optimal(100). When tissue permeability 
is relatively low such as with obesity, one would not expect capillary recruitment to have such a 
large modulating effect on glucose uptake. In the presence of obesity, tissue permeability rather 
than transportation of insulin (i.e. insulin-induced capillary recruitment) is the dominant rate 
limiting step.

In other words, any potential regulatory influence of capillary flow on insulin mediated glu-
cose uptake in obese women is likely to be completely abolished by tissue permeability problems 
which then become the major regulatory (rate limiting) factor(77; 78).

According to these principles and based on the data of this thesis it could be possible that the 
demonstrated capillary dysfunction in young lean women with PCOS will result in the develop-
ment of metabolic insulin resistance in later life. 

So, there is a normal insulin-induced endothelium-dependent vasodilation and a reduced 
insulin-induced capillary recruitment in response to insulin in lean women with PCOS as com-
pared to lean controls (Chapters 5 & 6). The explanation of this discrepancy is not entirely 
clear. The stimulus used in capillary recruitment (i.e. increased flow) differs from that used in 
microvascular endothelium-dependent vasodilation (i.e. acetylcholine). Insulin-induced changes 
in the responses to these stimuli may be different for the women studied. In addition, capillary 
perfusion is thought to be regulated not only by precapillary arteriolar tone and arteriolar vaso-
motion(80), but also by the characteristics of the capillary network itself(101). This may explain 
why the association between PCOS and the characteristics of the capillary network (i.e. capil-
lary recruitment) is more pronounced than the association between PCOS and microvascular 
endothelium-dependent vasodilatation.

However, several issues regarding this matter should be discussed. First, the study was cross-
sectional and therefore any causal inference on the link between microcirculatory function and 



139

general discussion

metabolic insulin resistance should be made with caution. Second, the small sample size may 
have led to type 2 errors, especially because microvascular measurements have a relatively large 
variability(102; 103), so that small differences may have been missed. However, power calculations 
suggested that we employed a sufficiently large sample. Third, we selected a robust type of PCOS 
by including almost only PCOS women who met all three criteria for the diagnosis. Fourth, the 
measurements were conducted at a predetermined point in the ‘PCOS cycle’ and matched with 
the hormonal status of controls and they were divided in groups according to their PCOS and 
BMI-status. Therefore, outcome measures are comparable without the (confounding) effects of 
hormones and/or amount of body fat.

 To summarize, both obesity and PCOS affect capillary microvascular insulin resistance, 
and obesity is a determinant of endothelial microvascular insulin resistance. In addition, insulin-
induced capillary recruitment is a determinant of glucose uptake in lean PCOS women, but not 
in obese PCOS women. 

Arterial stiffness in PCOS
Chapter 7 shows that (central) obesity, but not PCOS, is associated with greater arterial stiffness 
of elastic and muscular arteries. In addition, PCOS has no discernible influence on the associa-
tion between obesity and increased arterial stiffness. These results suggest that any greater arterial 
type of artery(89; 104), pulse wave velocity over elastic and (or) muscular vascular regions(105), or 
small and large arterial compliance(89; 92; 93; 104), showed somewhat discordant results. This may 
be related to the fact that some of these studies did not adjust for blood pressure or BMI(105). 
Nevertheless, our results were in line with Muneyyirci-Delale et al.(91), who showed that, after 
controlling for BMI, the association between PCOS and greater arterial stiffness was no longer 
statistically significant. In contrast, a study by Lakhani et al.(104) revealed greater carotid arte-
rial stiffness in young women with PCOS relative to controls, even if blood pressure and BMI 
were taken into account. However, no lean PCOS patients were included in this study. Our 
results also contradict those of Meyer et al.(89), who showed increased pulse wave velocity over the 
caro tid-femoral tract in young obese PCOS women compared to obese controls. However, no 
adjustments were made for blood pressure or BMI. Such adjustments were also lacking in a study 
by Kelly et al.(106; 107). Interestingly, however, Kelly et al. reported increased pulse wave velocity of 
the carotid-brachial tract, but not of the carotid-femoral tract in young obese PCOS women as 
compared to obese controls. This observation thus raises the important issue of whether arterial 
stiffening in PCOS can differ between muscular (or peripheral) arteries and elastic (or central) 
arteries. Pathophysiologically, the preservation of central over peripheral arterial distensibility 
and compliance would protect the heart, at least partially, from any stiffness-associated increases 
in cardiac afterload. Nevertheless, in our study PCOS was not associated with stiffening of either 
muscular or elastic arteries. In line with the analyses on BMI, waist circumference and not PCOS 
was also associated with arterial stiffness. This supports the idea that central obesity, as measured 
for example by waist circumference, plays an important role in the association between obesity 
and arterial stiffness.

A limitation to our interpretation of these data is that we studied young women with PCOS. 
Therefore, inferences pertaining to older women with PCOS should be made with caution. 
Second, our data do not exclude any association between PCOS and arterial stiffness because of 
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the relatively small sample size of our study. Our data, nevertheless, show that if there is some 
influence of PCOS on arterial stiffness it will be relatively small. 

In summary, in young women with PCOS, (central) obesity, rather than PCOS itself, is asso-
ciated with greater arterial stiffness. 

The role of PCOS related hyperandrogenism in insulin resistance and vascular function
Most studies indicate hyperandrogenism as independent-risk factor for type 2 diabetes, obesity 
and metabolic syndrome(108). Patients without overt hyperandrogenism are considered to have 
the mildest expression of the PCOS spectrum; such patients only have a small excess risk of 
the metabolic syndrome(109). In addition, elevated androgen levels have also been found to be 
associated with impaired endothelium-dependent vasodilatation of resistance arteries in obese 
women with PCOS (90). In accordance, our data of chapter 6 provide correlational evidence 
that hyperandrogenism in PCOS may contribute to insulin resistance. However, in chapter 7 we 
could not demonstrate an effect of androgen levels on arterial stiffness (P>0.2), not even after 
adjustment of known confounders as obesity, age and mean arterial pressure. Clearly, further 
studies are needed to define the precise mechanisms by which androgens impair insulin sensiti-
vity and vascular function. 

THE FUTURE: SHOULD WE SCREEN PCOS WOMEN FOR 
CARDIOVASCULAR RISK FACTORS?

PCOS and cardiovascular health care
Most gynaecologists have focused on PCOS- related subfertility in their daily practice. However, 
since the still growing evidence of increased risk of cardiovascular complications in later life of 
PCOS women, the question arises whether we should screen for cardiovascular risk factors in 
these women when they are still young. Recently, a consensus statement with recommendations 
regarding the assessment of cardiovascular risk factors in PCOS was published (see also box 2)(110). 
The goal of the Androgen Excess and Polycystic Ovary Syndrome (AE-PCOS) Society was to 
provide evidence based guidelines for preventing cardiovascular diseases (CVD) in PCOS. 

Box 2 Recommendations of AE-PCOS Society for preventing CVD in PCOS

 All PCOS women should be screened for CVD risk factors, by determining:

-– Waist circumference and BMI 

– Lipid profile 

For	all	obese	PCOS	(BMI>	30	kg/m2);	lean	PCOS	>	40	yr;	personal	history	of	gestational	

diabetes	and/or	family	history	of	type	2	diabetes

–	 2-h	post	75-g	oral	glucose	tolerance	test	(OGTT)

– Blood pressure measurement

                                                          Wild et al., JCEM, 2010
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The AE-PCOS Society conclude that lifestyle management is recommended for CVD preven-
tion, targeting low-density and non-high density lipoprotein cholesterol and adding insulin-sen-
sitizing and other drugs, such as cholesterol-lowering drug and antihypertensives, if dyslipidemia 
or other risk factors persist.

However, in the light of the available evidence, we can ask ourself the question whether we are 
too soon with screening for CVD risk factors in all PCOS women. The recommended measure-
ments listed in box 2 this will be discussed in the following section.

Screening in PCOS
Making certain screening justifiable depends on a large number of factors (see box 3).

Box 3 Conditions which need to be fulfilled before start screening 

1 Is the final disorder an important problem 

2 Is there a generally accepted way to prevent the occurrence of this disease

3 Is there a way to find out if this future disease will occur

4 Is this way to find out an accurate way 

5 Are there recognizable early symptoms 

6 Is testing acceptable for the population 

7 Is testing cost effective

(Wilson	JMG	Wilson	The	evaluation	of	the	worth	of	early	disease	detection	1968)

In the Netherlands such population based screening procedures exist for breast cancer and cervi-
cal cancer and have proven to be effective in decreasing their mortality(111;112). 

The question arises whether these requirements endorsed by the WHO(113) exist for screening 
of type 2 diabetes and cardiovascular disease in women with PCOS. In general, without doubt 
type 2 diabetes and cardiovascular disease are important problems. Several interventions do seem 
to prevent their development namely risk factor reduction by improving life style, treatment of 
high blood pressure, quitting smoking, reducing overweight and increasing exercise. In addition, 
there are ways to estimate increases in risk such as overweight measurements, measurement of 
blood pressure, determination of blood lipid profiles and fasting glucose. Most tests seem to be 
acceptable by the population and appear not to be very expensive. With regard to PCOS, we 
should realize that, although there is evidence for PCOS as a risk factor for type 2 diabetes and 
cardiovascular disease, the risk is not easily quantified(114) and still today no hard evidence exists. 
Specifically in relation to PCOS there is insufficient proof that there is an increase in mortality 
related to these disorders. 

Remarkably at present, there are no studies showing reduction in incidence of type 2 diabetes 
in PCOS upon intervention(114). For example, data of treatment strategies to reduce long- term 
cardiovascular risk factors by insulin sensitizers such as metformin are lacking(111). So far we have 
to judge based on deduction and studies employing surrogate end points that certain interven-
tions could work. In other words, while PCOS is associated with cardiovascular disease risk 
factors, still today there are no solid relevant end-point or intervention data available justifying 
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intervention. Do we have tests that can reliably predict occurrence of type 2 diabetes and/or car-
diovascular disease in the future in PCOS patients? Aside from general features that also count 
for non PCOS patients such as body composition, blood pressure, lipid profiling, smoking and 
exercise status there do not seem to be features that are specific to PCOS. One could argue based 
on data of the present thesis that increased weight (BMI) with obesity might explain most of 
the existence of risk factors developed in PCOS, rather than that PCOS itself is a main risk for 
cardiovascular diseases. 

OGTT is able to reliably test glucose metabolism on a large scale without too much interven-
tion. It is also a test that seems to be quite acceptable to the population. There are, however, no 
data with regard to cost effectiveness.

So taken all together there does not seem to be much ground to justify screening of PCOS 
patients for prevention of type 2 diabetes and cardiovascular disease since 1) there is no general 
agreement on how to intervene and whether intervention would be effective 2) there is no uni-
formly recognizable symptomatology or strictly identified abnormal lab test results. 

What remains is that any “testing/screening” may be of some value only in the obese PCOS 
patient but in that regard it does seem that risks may only be slightly more increased than in 
any other obese non PCOS patient. But even if one decided to start screening the obese PCOS 
patient then today there is still insufficient information to show effectiveness of interventions 
that lead to improved outcome (less type 2 diabetes and less cardiovascular diseases plus less 
related mortality). 

In the end it may turn out that by selecting PCOS women with obesity for screening could 
be a attractive cost effective strategy(115), which is non-invasive, not time consuming and widely 
applicable. Indeed, a recent study found in a Dutch PCOS population that selecting women 
with a waist circumference above 83.5 cm for further screening seems valid(116). However, we 
should realize that, although there is evidence for PCOS as a risk factor for type 2 diabetes and 
cardiovascular disease, the risk is not easily quantified(114). This is due to mostly uncontrolled, 
cross-sectional or retrospective data. At present, there are no studies showing reduction in inci-
dence of type 2 diabetes in PCOS(114). For example, data of treatment strategies to reduce long- 
term cardiovascular risk factors by insulin sensitizers such as metformin are lacking(111). In other 
words, while PCOS is associated with cardiovascular disease risk factors, there are no relevant 
end-point or intervention data. Interestingly, lifestyle changes such as low carbohydrate diet and 
exercise are more effective than metformin in the reduction of type 2 diabetes(117). 

A final problem is the still existing controversy with regard to practical diagnostic criteria for 
PCOS and protocols to guide screening for diabetes and cardiovascular disease. There is great 
need of well designed prospective controlled studies and also follow up studies to quantify the 
long-term risks of type 2 diabetes and cardiovascular disease and to establish suitable prevention 
strategies(114).

In conclusion, based on the current evidence, obesity and not PCOS is the most important 
cardiovascular risk factor. Therefore, screening and treatment of PCOS women with regard to 
their cardiovascular health should be focused on the presence of body fat mass. Concerning the 
frequency and at what age PCOS women must be screened is uncertain. Furthermore, weight 
control or lifestyle changes to reduce obesity should be high on the list of priorities in the care of 
women with PCOS.
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FUTURE IMPLICATIONS FOR RESEARCH
 

The findings in the present thesis may contribute to a better understanding of metabolic and 
vascular function in lean versus obese women with PCOS (see box 4). 

Box 4 Main findings and conclusion of present thesis

Main findings	(see	also	Figure	1)	
1  Mainly obesity, and to a lesser extent PCOS, contributes to microvascular  dysfunction

2   Obesity contributes to metabolic insulin resistance, whereas PCOS causes a further  

deterioration only in obese women

3  Lean PCOS women displaying a large variation in insulin-mediated glucose uptake 

but do not have frank metabolic insulin resistance

4 Macrovascular dysfunction is associated with obesity and not with PCOS. 

Main conclusion:
Obesity and not PCOS per se is the most important determinant of the development of 

Type 2 diabetes and cardiovascular diseases

However, these findings suggest there are many other issues that require further research. Some 
of these issues are discussed below.

Systematic review of metabolic insulin resistance in PCOS
Although we provide evidence for the existence of metabolic insulin resistance only in obese 
women with PCOS, much larger sample sizes are needed to confirm our findings. Moreover, 
with taking at least the phenotypic variation of PCOS, body fatmass composition and the diffe-
rent techniques used to determine metabolic insulin resistance into account, it is possible to pro-
vide a better understanding of the metabolic function in PCOS. With this respect, a systematic 
review is lacking that selects and analyzes all high quality research evidence relevant to the ques-
tion whether PCOS patients, with the presence or absence of obesity, have insulin resistance. Its 
availability would provide a wealth of information. 

Insulin sensitizers
As stated before, in particular, insulin resistance, hyperandrogenemia, elevated blood pressure, 
(central) obesity and dyslipidemia, all components of metabolic syndrome, are likely the major 
risk factors for the occurrence of cardiovascular disease (CVD) in PCOS at an early age. 

In particular, obese PCOS women, and to lesser extent lean PCOS women, have microvascu-
lar insulin resistance. Although capillary recruitment dysfunction might be an early onset effect 
of insulin resistance in lean PCOS, the mechanism underlying the defective (vascular) action of 
insulin in obese and lean PCOS remains unclear. Furthermore, because of a higher prevalence 
of cardiovascular risk factors in PCOS women, they are more vulnerable to macrovascular dys-
function. Increased arterial stiffness shown only in obese women with PCOS is an important 
cause of cardiovascular disease. The mechanism, however, responsible for the decreased arterial 
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elasticity in obese PCOS is not known. Perhaps, chronic hyperinsulinemia activates the local 
rennin-angiotensin-aldosterone system (RAAS) and the expression of angiotensin type I receptor 
in vascular tissue, promoting the development of wall hypertrophy and fibrosis(118). 

Although insulin resistance largely accounts for the endothelial dysfunction, it is important 
to note that other characteristics of PCOS women with (central) obesity such as dyslipidemia, 
hypertension and inflammatory factors, may have detrimental effects on endothelial function. 
Metformin has been shown to improve insulin sensitivity and some features of the metabolic 
syndrome, such as dyslipidemia, hypertension and central obesity(119). Furthermore, it is sug-
gested that metformin decreases C-reactive protein (CRP) and endothelin (ET-1) levels, indica-
ting improvement of inflammation and endothelial function. Indeed, a recent study showed in a 
randomized, double-blind, placebo-controlled crossover design, that arterial stiffness and endo-
thelial function improved after 3-month metformin therapy in obese women with PCOS(120).

Future research should therefore focus on the role of (central) obesity on vascular dysfunction 
and insulin resistance after treatment with metformin in women with PCOS. 

Pregnancy in women with PCOS
A recent meta analysis of pregnant women with PCOS demonstrated that these women have 
a larger risk of developing complications, e.g. gestational diabetes and/ or hypertension/pre-
eclampsia(121). Insulin resistance in PCOS patients results in the impaired use of glucose by 
insulin-sensitive tissues, possibly resulting in gestational diabetes. Some studies show that micro-
vascular responses are enhanced during pregnancy in women in whom preeclampsia develops to 
a level above that seen in normotensive women(122; 123). This can already be observed prior to any 
clinical indication of preeclampsia.

In general, data regarding capillary and metabolic function in PCOS patients and in pre-
eclampsia are scarce and there is a lack of data on the combination of PCOS and preeclampsia. 
More research is needed to evaluate microcirculatory and metabolic function before and during 
pregnancy of PCOS patients to identify predictive markers of hypertensive and metabolic dis-
orders. 

Further research is necessary to identify women with PCOS who develop hypertensive and 
metabolic disorders in pregnancy in order to further pinpoint these patients already at higher 
risk of microvascular and metabolic complications. This will lead to a better understanding of 
the pathophysiology of these serious pregnancy complications. Moreover, if PCOS patients at 
risk of pregnancy complications can be identified, preventive management can be applied. 

PCOS and type 2 diabetes and cardiovascular morbidity in the postmenopausal phase
Despite the evidence of increased cardiovascular risk in PCOS, data on morbidity and mortality 
endpoints of cardiovascular diseases have yet to be reported(106; 107). Furthermore, many studies 
indicate that metabolic insulin resistance is a pathogenic feature of PCOS, yet we and others 
were not able to show that abnormal insulin metabolism is a major underlying feature of PCOS, 
independent of obesity(124). However, based on our data, it should be recognized that a propor-
tion of lean PCOS women may exhibit reduced insulin-mediated glucose uptake. Furthermore, 
the cross-sectional data in the present thesis possibly demonstrate that capillary dysfunction in 
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young lean women with PCOS will result in the development of metabolic insulin resistance 
and type 2 diabetes in later life.

It is known from literature that a substantial number of women with PCOS have an two-to 
four- fold higher risk of developing diabetes and cardiovascular disease than controls(124; 125). In 
addition, there is some evidence that metabolic disturbances increase over time in PCOS(126). 
Therefore, more research is needed to provide insight in this issue. 

FINAL CONCLUSIONS

The findings in the present thesis may contribute to a better understanding of the relationship 
between microvascular and microvascular function and insulin resistance in women with PCOS 
with or without obesity. The data clearly illustrate the relationship between obesity, insulin resis-
tance and vascular function which is thought to develop type 2 diabetes and cardiovascular dis-
eases in later life of women with PCOS (see figure 1). 

A better understanding of these primary mechanisms may reveal appropriate therapeutic tar-
gets in metabolic and cardiovascular diseases of women with PCOS.
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Figure 1	Investigated	(dotted	lines	represents	moderate	association	and	dark	lines	represents	strong	

associations) and established relationships among PCOS, obesity, vascular function and metabolic 

insulin resistance presented in the present thesis.
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summary

Polycystic ovary syndrome (PCOS) is one of the most common endocrine disorders in pre-
menopausal women. It is associated with an increased risk of diabetes type 2 and cardiovascular 
diseases. In part, this may be due to the fact that PCOS is often associated with obesity. (Central) 
obesity itself is also associated with metabolic and cardiovascular risk factors. However, a sub-
stantial number of women with PCOS are not obese. Therefore, the question arises whether 
such women are also at a greater risk of diabetes type 2 and cardiovascular disease, i.e. whether 
PCOS increases these risks independently of the presence of obesity. 

To gain more insight into these issues, the general purpose of the present thesis was to assess 
insulin sensitivity, micro- and macrovascular function in lean and obese women with and with-
out PCOS. We were interested in the metabolic and vascular function in these women because 
vascular dysfunction and metabolic insulin resistance are associated with type 2 diabetes and car-
diovascular diseases. Chapter 1 contains the outline of the present thesis and chapter 2 provides 
a description of the methods used for the assessment of vascular function and metabolic insulin 
resistance.

Before starting the measurements of the vascular- and metabolic function in women with 
PCOS, two methodological issues were a main concern to us. First, as obesity plays a (central) 
role in the development of cardiovascular risk factors in women with PCOS, we were interested 
in whether BMI is a valid separator. In chapter 3 we validated simple anthropometric measure-
ments with the gold standard technique for determining body fat (distribution), Dual-energy 
X-ray absorptiometry (DXA). We showed that, in Dutch Caucasians, truncal skinfolds, waist 
circumference and BMI were positively correlated with central fat mass as measured by DXA. 
We preferred to use BMI instead of skinfolds or waist circumference as separator in our studies 
because this measure allowed us an easier comparison of our data with the existing literature in 
which BMI is predominantly used. However, in future studies waist circumference is still prefer-
able particularly when the effect of central fatness on cardiovascular risk factors is studied. 

Second, since menstrual-cycle-related female sex hormones changes can affect microvascular 
and metabolic function, we investigated this issue in chapter 4. We showed that, in healthy ovu-
latory women, microvascular function do not demonstrate a clear menstrual cycle-dependent 
variation. We also did not find cycle-dependent variation in insulin sensitivity (i.e. metabolic 
function), or blood pressure. Therefore, in future studies, microvascular function as presented 
in chapter 4, do not necessarily need to be standardized with regard to a specific phase of the 
menstrual cycle.

Chapter 5, 6 and 7 represents the studies which where performed to investigate the ge neral 
purpose of the present thesis as stated above. In chapter 5 we measured the microvascular func-
tion as the response of endothelium-dependent vasodilatation on insulin in lean and obese 
women with and without PCOS. Furthermore, insulin sensitivity was determined with the gold 
standard, i.e isoglycemic hyperinsulinemic clamp technique. We demonstrated two key findings 
that first, obese as compared to lean women were characterized by an impairment of the endo-
thelial microvascular response to insulin (microvascular insulin resistance). Second, only obese 
and not lean women had metabolic insulin resistance. In addition, PCOS per se was accompa-
nied by aggravation of metabolic insulin resistance only in the obese women. In other words, the 
presence of PCOS per se was not accompanied by microvascular- and metabolic insulin resis-
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tance. However, PCOS in the presence of obesity were more metabolic insulin resistant as com-
pared to obese controls. 

In chapter 6 we measured the microvascular function as the response of capillary recruit-
ment on insulin, i.e. insulin-induced capillary recruitment in stead of endothelium-dependent 
vasodilatation. We provide evidence that both lean and obese women with PCOS are charac-
terized by impaired insulin-induced capillary recruitment. In addition, we demonstrated that 
insulin-induced capillary recruitment is a determinant of glucose uptake in lean, but not in 
obese women with or without PCOS. However, despite the fact that PCOS per se demonstrated 
an impaired insulin-induced capillary recruitment, obesity remains to have the largest effect on 
glucose uptake (i.e. metabolic insulin resistance). Furthermore, our data provide correlative evi-
dence that hyperandrogenism in PCOS may contribute to insulin resistance.

 Next to the microvascular function, we were interested in the macrovascular function in 
lean and obese women with PCOS. In chapter 7 we therefore investigated stiffness of the carotid, 
femoral and brachial arteries, and of the aorta. The main finding of this study was that (central) 
obesity, but not PCOS, was associated with greater arterial stiffness. In addition, PCOS had no 
discernible influence on the association between obesity and increased arterial stiffness. Taken 
together, these results suggest that any greater arterial stiffness in young women with PCOS is 
conferred by the effects of obesity, not by PCOS itself. 

Finally, chapter 8 provides a general discussion of the results in the present thesis, discusses 
the issue if we should screen PCOS women for cardiovascular risk factors and provides future 
strategies for further research of cardiovascular health in women with PCOS.
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samenvatting

Het PolyCysteus Ovarium Syndroom (PCOS) is een van de meest voorkomende endocriene 
stoornissen bij premenopauzale vrouwen. PCOS is geassocieerd met een verhoogde kans op type 
2 diabetes en cardiovasculaire ziekten. Dit kan mogelijk verklaard worden door het feit dat bij 
vrouwen met PCOS, obesitas meer voorkomt dan bij vrouwen zonder PCOS. Obesitas (met 
name op de romp) in vrouwen zonder PCOS is ook geassocieerd met metabole- en cardiovascu-
laire risicofactoren. We weten echter dat een substantieel deel van de vrouwen met PCOS geen 
obesitas heeft en daarom rijst de vraag of ook deze vrouwen een verhoogd risico hebben op het 
ontwikkelen van type 2 diabetes en cardiovasculaire ziekten. Met andere woorden, is PCOS in 
staat dit risico te verhogen zonder de aanwezigheid van obesitas.

Om meer inzicht te krijgen in dit onderwerp, was het hoofddoel van dit proefschrift om de 
insuline gevoeligheid, de micro- en macrovasculaire functie in PCOS en gezonde vrouwen met 
en zonder obesitas te meten. We waren geïnteresseerd in de metabole- en vasculaire functie in 
deze vrouwen omdat insuline resistentie en vasculaire disfunctie belangrijke risico factoren zijn 
voor het ontwikkelen van type 2 diabetes en cardiovasculaire ziekten.

Hoofdstuk 1 presenteert de achtergrond van het onderzoek en het kader waarbinnen het tot 
stand is gekomen. In hoofdstuk 2 staan de onderzoeksmethoden van de insulinegevoeligheid en 
van de vaatfunctie die in dit proefschrift gebruikt zijn beschreven.

Naast dat we de insulinegevoeligheid en de vaatfunctie in vrouwen met PCOS wilde weten, 
waren er twee methodologische vraagstukken die we graag wilde uitzoeken. Ten eerste, omdat 
obesitas een belangrijke (centrale) rol speelt in het ontstaan van cardiovasculair risico factoren 
in vrouwen met PCOS waren we benieuwd of het selecteren van vrouwen met een hoge en 
normale bodymass index (BMI) een valide manier was om dunne vrouwen te onderscheiden 
van dikke vrouwen. In hoofdstuk 3 waren gebruiksvriendelijke anthropometrische metingen 
voor het meten van lichaamsvet gevalideerd met de gouden standaard de Dual-energy X-ray 
absorptio metry (DXA). Wij toonden aan dat in een cohort van Nederlandse Caucasiers, vet-
plooi metingen van romp, taille omvang en BMI goed correleerde met het meten van het vet 
op de romp met behulp van de DXA. Wij gaven de voorkeur om de BMI te gebruiken in onze 
 studies in plaats van vetplooi metingen of taille omvang, omdat de BMI veelal in andere onder-
zoeken wordt gebruikt en dus de vergelijking van onze studies met de literatuur vergemakkelijkt. 
Het heeft echter de voorkeur om voor studies in de toekomst de taille omvang te meten, met 
name als het effect van het rompvet op cardiovasculaire risico factoren moet worden bestudeerd.

Ten tweede wilde we in hoofdstuk 4 uitzoeken of de menstruele cyclus afhankelijke hormonen 
effect hadden op de microvasculaire functie en insuline gevoeligheid. We konden aantonen dat 
in gezonde ovulatoire vrouwen de microvasculaire functie geen menstruele cyclus afhankelijke 
variatie vertoonde. Tevens was er geen menstruele cyclus afhankelijke variatie van insuline gevoe-
ligheid of bloeddruk. Op basis van deze data is het dus voor toekomstige studies niet nodig om 
microvasculaire metingen te plannen in een bepaalde fase van de menstruele cyclus.

Hoofdstuk 5, 6 en 7 presenteren de studies die gedaan zijn het om het hoofddoel van het 
huidige proefschrift zoals hierboven beschreven staat te onderzoeken. In hoofdstuk 5 is de 
microvasculaire functie gemeten met behulp van de endotheel afhankelijke vasodilatatie als 
respons op insuline in slanke en obese vrouwen met en zonder PCOS. Tevens werd de insu-
line gevoeligheid bepaald met de gouden standaard, namelijk de isoglycemische hyperinsu-
linemische clamp methode. Er waren twee belangrijke bevindingen. Ten eerste hadden obese 
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vrouwen een gestoorde endotheel afhankelijke vasodilatatie als respons op insuline (ook bekend 
als microvasculaire insuline resistentie). Ten tweede waren deze vrouwen ook insuline resistent 
ten opzichte van slanke vrouwen. Obese vrouwen met PCOS waren wel meer insuline resistent 
dan obese vrouwen zonder PCOS. Met andere woorden, PCOS alleen (dus zonder obesitas) was 
niet geassocieerd met microvasculaire- of metabole insuline resistentie. Echter, PCOS in de aan-
wezigheid van obesitas had wel een extra negatief effect op de op de metabole insuline resistentie. 
In hoofdstuk 6 hebben we de microvasculaire functie gemeten door middel van de capillaire 
rekruteerbaarheid als reactie op insuline in plaats van de endotheel afhankelijke vasodilatatie 
zoals in hoofdstuk 5. We konden vast stellen dat zowel slanke als obese vrouwen met PCOS 
een gestoorde insuline geïnduceerde capillaire rekruteerbaarheid hadden. Bovendien lieten we 
zien dat de insuline geïnduceerde capillaire rekruteerbaarheid een determinant was van de glu-
cose opname in alleen slanke vrouwen. Echter, ondanks dat PCOS alleen (dus zonder obesitas) 
ook een gestoorde insuline induceerde capillaire rekruteerbaarheid liet zien, heeft obesitas een 
belang rijkere invloed op de glucose opname (metabole insuline resistentie). Tevens suggereerde 
onze data dat PCOS gerelateerde hyperandrogenisme geassocieerd is met insuline resistentie. 

Behoudens de microvasculaire functie waren we ook geïnteresseerd in de macrovasculaire 
functie in slanke en obese vrouwen met PCOS. In hoofdstuk 7 hebben we daarom de arteriële 
stijfheid van de arterie carotis, arterie femoralis, arterie brachialis en de aorta gemeten. We von-
den dat obesitas (op de romp) maar niet PCOS geassocieerd was met een hogere arteriële stijf-
heid. Bovendien had PCOS geen invloed op de associatie tussen obesitas en verhoogde arteriële 
stijfheid. Deze resultaten suggereren dat een verhoogde arteriële stijfheid in jonge vrouwen met 
PCOS een kenmerk is van obesitas (op de romp) maar niet van PCOS zelf.

Ten slotte, is hoofdstuk 8 een algemene beschouwing van de bevindingen in dit proefschrift, 
bediscussiëren we of (alle) vrouwen met PCOS gescreend moeten worden op cardiovasculaire 
risico factoren en komen we met suggesties voor toekomstig onderzoek ten aanzien van de car-
diovasculaire gezondheid van de vrouw met PCOS.
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Ik heb de afgelopen jaren vele bergen beklommen en overwonnen maar het proefschrift wat nu 
voor u ligt is er een van de buitencategorie. Maar na vele pieken en dalen heb ik dan nu echt de 
top bereikt! Dit was niet mogelijk geweest zonder de hulp van een aantal mensen die ik graag zou 
willen bedanken.  

Ten eerste wil ik de deelneemsters aan het onderzoek bedanken. Zonder hen was dit proefschrift 
nooit tot stand gekomen. Ik heb enorm veel respect voor het geduld en uithoudingsvermogen 
dat deze vrouwen hebben moeten opbrengen om de hele dag in bed te liggen met infusen in de 
armen en een hand die stil moest liggen onder de microscoop.

Geachte leden van de leescommissie, ik ben u zeer erkentelijk dat u de tijd genomen heeft om 
kritisch mijn proefschrift te lezen en te beoordelen: Prof.dr. B.C. Fauser, Prof.dr. J.S.E. Laven, 
Prof.dr. P.W. de Leeuw, Dr. P.G.A. Hompes en Dr. R.G. Ijzerman. Dear Prof. S. Franks, it is an 
honour for me that you were willing to critically review my thesis and that you will be present 
during my defence.

Prof. Dr. CB. Lambalk, beste Nils, ik voel me zeer vereerd dat ik de eerste promovenda mag zijn 
waar jij promotor in plaats van copromotor van bent. Ik zal het reisje met alle onderzoekers naar 
je huis in Frankrijk nooit vergeten. Behoudens dat we door jou het vliegtuig misten, hebben we 
heerlijke eendenborst gegeten die je voor ons in de regen op de barbecue had klaar gemaakt. Je 
bent een promotor in hart- en nieren voor je onderzoeksters (tja, het overgrote deel is vrouwen) 
en dat zorgde ervoor dat je ons tot het uiterste dreef. Mijn dank is groot dat je me altijd hebt 
gesteund, ook in moeilijke tijden.

Prof. Dr. CDA. Stehouwer, beste Coen, ik kan je niet vertellen hoe blij ik ben dat je mijn pro-
motor bent gebleven tot het bittere eind. Jij was de drijvende kracht achter dit onderzoek en 
je hebt ervoor gezorgd dat het proefschrift toch nog enigszins op tijd is afgekomen. Zoals vele 
promovendi al eerder opmerkten, ben ik onder de indruk van de snelheid waarmee jij artikelen 
van kritisch maar altijd zeer goed commentaar kon voorzien. Dank voor alles wat je voor me 
hebt gedaan.

Dr. EH. Serné, beste Erik, het was helaas voor jou in het begin niet duidelijk dat je mijn copro-
motor was maar ondanks dat heb ik het zeer prettig gevonden om met je samen te werken. Jouw 
proefschrift was mijn Bijbel voor het uitvoeren van de metingen. In het bijzonder ben ik je dank-
baar voor het helpen schrijven van het laatste manuscript wat geen makkelijke opgave was door 
de lastige data. Desondanks is er na veel hersenkrakende sessies en verwoede discussies met deze 
en gene een zeer mooi artikel ‘op tafel’ gekomen. Super dat je mijn copromotor bent.

Prof. R. Homburg, beste Roy, bedankt dat je het vertrouwen in mij had om me aan te nemen 
voor dit promotieonderzoek. Je bent, ondanks dat je niet meer op de VU werkzaam bent, geïn-
teresseerd in mijn onderzoek gebleven en dus is het fijn dat je mijn copromotor wil zijn.

dankwoord
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Jos Twisk, jij hebt de wereld van de statistiek voor mij geopend. Dank je wel voor de altijd hel-
dere uitleg. Ronald Henry, zonder jou was hoofdstuk 7 er niet geweest! Dank je wel voor al je 
hulp.

De meiden van de VEVO. Marja Liisa, ook jij zult de titel Dr. (van ‘doorzetter’) voor je naam 
gaan zetten, dank je voor de gezellige tijd samen en dat je altijd er voor mij (nog steeds) bent. 
Marieke, bedankt voor je hulp bij de laatste loodjes.

De onderzoek(st)ers die nu op de VEVO werkzaam zijn: Tamar, de ESHRE in Rome was top! Ik 
ga graag nog een keer met je shoppen. Jij gaat de onderzoekslijn voortzetten, ik wens je heel veel 
succes! Els, Annelies, Carlijn en Remi, succes met jullie promotie, maar dat gaat goed komen. 
Annemarie, helaas heb ik niet lang met je samengewerkt maar dank je dat je mijn laatste loodjes 
wilde aanhoren. 

Beste Ted, ik dank je voor je indrukwekkende inzet en flexibiliteit die je had om het ‘clampen’ op 
de juiste cyclusdagen te verrichten. Ik denk dat we allebei de meisjes met de appels niet snel zul-
len vergeten! Madeleine, dank voor alle administratieve ondersteuning en meer! Beste Iwan en 
Bas, dank jullie wel voor alle hulp als de computer weer eens niet deed wat ik wilde.  

De onderzoekers (destijds) van de verloskunde en gynaecologie, Coen, Mireille, Diederik, Hans, 
Franca, Marieke V, Sjanneke, Yolanda, Lucas en Ingeborg. Bedankt voor alle gezellige drankjes. 
Aangezien we allemaal in hetzelfde schuitje zaten was het fijn om af en toe te kunnen sparren 
over het wel en wee van het leven van de onderzoeker. Jacqueline, Mariëlle, Afra, Marjolein, 
Maaike, Margot, Chantal en Dorien, bedankt dat ik weer me kon aansluiten in de onderzoeker-
groep nadat ik was gestopt met de opleiding. Dankzij jullie was het weer thuiskomen op de VU.  

Laura, Leonieke, Danielle en Cathrien, de studenten die geholpen hebben bij het voltooien van 
het onderzoek. Dank jullie wel voor jullie enorme enthousiasme en inzet. Ik vond het erg leuk en 
leerzaam om jullie te begeleiden. Succes met jullie carrière.   

Renate, Michiel, Martijn, Luc, Rick, Jacqueline, Katja en Izhar, Ed en Nienke mijn clamp- en 
vaatmaatjes van de interne geneeskunde, bedankt voor de gezellige tijd! Fleur, jij weet als geen 
ander dat promoveren af en toe enorm bikkelen is. Ik ben je dankbaar voor de steun die we bij 
elkaar vonden en ik kijk uit naar jouw promotie! Dr. Mike, dank je voor de super leuke tijd in 
Praag. Ik zie ons nog met onze koffers achter de man die zijn hond uitliet (bleek achteraf ) aanlo-
pen het park in omdat we dachten dat hij de verhuurder van ons appartement was.   

Beste Greetje (de Vries), jammer dat je weg bent gegaan uit de VU, maar ik snap het wel. Jij bent 
een geweldig mens en dank je voor alle gezelligheid op en buiten het werk. Ingrid, dank je voor 
je ondersteuning waar nodig bij de vaatmetingen.  
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De verpleegkundigen van de VEVO-poli, dank jullie wel voor de behulpzaamheid tijdens mijn 
onderzoek maar ook tijdens mijn korte carrière als arts-assistent VPG.   

Gynaecologen en arts-assistenten van het VUmc en SLAZ, hier eindigt dan mijn carrière bij de 
verloskunde en gynaecologie, bedankt voor alle leerzame momenten.   

Arts-assistenten uit het SLAZ, Marjoleine, Linda, Marielle, Femke, Jurgen, Marjolein, Margot 
en Arianne, jullie waren topcollega’s! Bedankt voor alle gezelligheid en voor jullie unanieme 
steun in de laatste maanden. Moniek, bedankt dat je altijd in mij hebt gelooft (ook als ik het zelf 
niet meer deed) en voor de nog steeds gezellige etentjes samen.  

De ‘Venray clan’, wat begonnen is als een vriendengroep van de mannen werd na een aantal 
jaren, toen het toch uiteindelijk is gelukt om de ‘vrollie’ aan de haak te slaan, uitgebreid met 
aanhang en inmiddels de kinderen Isa, Nine, Minke en Casper. Jullie zorgen voor de onmisbare 
ontspanning buiten het werk! Camiel en Yvonne, wanneer gaan we naar het volgende Prince 
concert? Peter, super dat je een statistische helpdesk met een zeer snelle service was. Nicole, snel 
weer een lekker wijntje drinken? Roel en Yolanda, op naar de volgende berg! Bart en Moniek, het 
is leuk om jullie als trotse ouders te zien. Beijer je bent player af! Bedankt voor jullie bijzondere 
vriendschap.  

Mijn lieve studiegenoten met aanhang uit Nijmegen: Manon, Patrick, Ewoud, Sietske, Linda, 
Martine, Dion, Nicole en Peter, wat fijn dat we nog steeds contact hebben. Ik dank jullie voor 
de knusse jaarlijkse weekendjes weg die me zeer dierbaar zijn. Ik kijk uit naar de volgende Dr. in 
ons midden!  

Mariken, want ben ik blij dat we samen de wereld van de microcirculatie hebben mogen ont-
dekken. Het uitstapje naar Perimed zal ik nooit vergeten. Veel geluk samen met je aanstaande 
echtgenoot Sjoerd en …  

Lieve Huib en Jet, de tijd in mi switi Suriname was uniek! Dank jullie wel voor de vriendschap 
die we nog steeds samen hebben. Leonie en Ivar, bedankt voor het luisterende oor en dat ook op 
de meest onmogelijke tijden de deur voor ons open stond!  

Lieve Shirley en Ester, mijn lagere school vriendinnen. Ondanks het tijdgebrek waar we alle 
drie aan ‘lijden’ is onze vriendschap blijven bestaan. Dank jullie wel voor de eindeloze gezellige 
momenten.  

Lieve Wen, van jongs af aan zijn wij dikke vriendinnen. Als buurmeisjes buiten spelen op het 
plein, als pubers met interrail heel Europa door en als studenten lekker feesten. Nu zijn we dan 
volwassen vrouwen met allebei onze eigen carrière en nog steeds beste maatjes. Bedankt voor alle 
geweldige momenten samen. Zurich is super, ik kom snel weer bij je langs. Lieve Martin, je bent 
een superkok! bedankt voor de gezelligheid.  
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Lieve Esther, mijn maatje, kamergenoot, vriendin, collega en ga zo maar door! Wat heb ik het 
getroffen dat wij ‘in het hok’ samen aan ons onderzoek zaten te zwoegen. Zonder jou was ik 
zeker in onze andere droombaan op de bonusafdeling van de Albert Heijn beland. Wat ben ik 
ongelooflijk blij dat jij mijn paranimf bent!   

Beste Laura, wij hebben elkaar leren kennen op de statistiekcursus aan het begin van ons onder-
zoekstraject. We waren vrij snel dikke vriendinnen en nog steeds bespreken we wekelijks alle in’s 
en out’s van het leven. Nu hebben we allebei de eindstreep van de promotie gehaald. Super dat jij 
als kersverse Doctor aan mijn andere zijde wil staan als paranimf.  

Mijn schoonfamilie, Piet, Maurice, Noelle, Elvira, Marijn en Lieven, het is misschien lastig te 
bevatten waar wij allemaal mee bezig zijn in het ‘westen’, maar dank voor jullie steun en vriend-
schap. Lieve Truus, jij hebt me laten inzien dat het leven kort is en dat je, erg cliché maar o zo 
waar, alles eruit moet halen wat erin zit. Ook al zul je het proefschrift nooit onder ogen krijgen, 
ik dank je voor de intense momenten samen.  

Joke, de liefste tante op deze wereld, ik heb zo enorm veel aan je te danken. Wat zou ik graag weer 
wekelijks bij je keuvelend op de bank willen zitten. Ik hoop dat we nog heel lang de diepgaande 
gesprekken over alles wat ons bezighoudt kunnen voeren. Dank voor je onvoorwaardelijke steun 
en geloof in mij. Het is een enorme eer dat jij mijn proefschrift hebt ontworpen, bedankt voor 
de kroon die jij op mijn werk wilde zetten. Niek en Oscar bedankt voor jullie betrokkenheid en 
gezelligheid, bij jullie in Nijmegen voelt het altijd als thuiskomen.  

Lieve Oma, ik ben er trost op dat u dit nog mag meemaken. Lieve Opa, ik bewaar de vrede in 
mijn hart. Bedankt voor alle jaren dat jullie mijn allerliefste oma bent en opa was.  

Maarten, mijn allerliefste broer(tje!), ik zie je nog voor me, een klein schattig jongetje met een 
enorme hoeveelheid krullen. Jij probeerde mij de baas te zijn door mijn spierballen te rollen 
(auw!) en ik pakte altijd het laatste lego-stukje waarmee jij net je bouwwerk wilde afronden. 
Maar kleine jongens worden groot en ik heb een enorme bewondering voor je holistische kijk op 
de wereld, daar waar ik nog wel eens kort door de bocht ga. De woorden ‘niemand begrijpt mijn 
diepte’ zijn onmiskenbaar. Dank je voor het verbreden van mijn horizon.  

Lieve papa, vroeger vond ik het artsenberoep maar niks. Ik zag jou alleen maar werken en rare 
woorden inspreken in een dicteerapparaat. Ik had weinig contact met je, maar vanaf het moment 
dat we samen mijn wiskunde proefwerken gingen voorbereiden werd je mijn grote voorbeeld 
en had ik toen nooit kunnen geloven dat ik in jouw voetsporen zou treden! Lieve mama, jij was 
altijd de steunpilaar en het rustpunt thuis waardoor ik me heb kunnen ontwikkelen tot wat ik nu 
ben. Jullie grenzeloze steun en vertrouwen in mij zijn onmisbaar en daarom draag ik dit proef-
schrift onder andere aan jullie op. Ik hou van jullie!  



En als laatste mijn grootste liefde Frank. We did it! En tja, wat kan ik nog meer zeggen, je hebt de 
woorden al uit mijn mond genomen in jouw dankwoord. Ik kan niet beschrijven hoeveel geluk 
ik heb met jou aan mijn zijde. Dank je voor je liefde, humor, tomeloze optimisme en enthousi-
asme. De wereld is mooier met jou!
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Iris Ketel werd geboren op 30 september 1976 te Amsterdam als dochter van Arnold Ketel en 
Sibilla van der Heijden. Na het succesvol afronden van de HAVO en vervolgens het VWO 
aan het Vellesan College te IJmuiden volgde zij in 1995 gedurende een half jaar de opleiding 
Bouwkunde aan de Technisch Universiteit te Delft. In 1996 behaalde zij haar propedeuse bio-
medische gezondheidswetenschappen en vervolgde ze de opleiding in 1997 met geneeskunde 
aan het Universitair Medisch Centrum St. Radboud te Nijmegen. Tijdens haar opleiding deed ze 
wetenschappelijk onderzoek naar de kwaliteit van leven bij kinderen met chronische obstipatie 
en encopresis in het Academisch Medisch Centrum te Amsterdam onder leiding van Dr. M.A. 
Benninga. Na het behalen van haar artsexamen in mei 2003 was zij werkzaam als arts-assistent 
verloskunde & gynaecologie in het VU medisch centrum te Amsterdam. Dit was van korte duur 
omdat ze vanaf oktober 2003 wetenschappelijk onderzoek kon verrichten op de afdelingen 
voortplantingsgeneeskunde en interne geneeskunde in het VU medisch centrum te Amsterdam 
onder leiding van Prof. Dr. CB. Lambalk en Prof. Dr. CDA. Stehouwer, hetgeen resulteerde 
in dit proefschrift. In 2008-2009 heeft ze als arts in opleiding tot gynaecoloog in het St. Lucas 
Andreas ziekenhuis te Amsterdam (opleider: Prof. Dr. F Scheele) gewerkt. Per augustus 2010 
volgt ze de opleiding radiologie in het Maasstad ziekenhuis (opleider: Dr. D. Vroegindeweij) en 
het Erasmus medisch centrum (opleider: Prof. Dr. G.P. Krestin) te Rotterdam. Ze woont samen 
met Frank van den Broek sinds 1999.
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