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Abstract 

Obesity-related microvascular dysfunction, including alterations in rhythmic changes in vascular diameter, so-

called 'vasomotion', may be important in the clustering of obesity with other cardiovascular risk factors. 

Adipokines have been suggested to play a role in obesity-related vascular dysfunction. Alterations in vasomotion 

have been found using extreme body mass index (BMI) phenotypes. Whether these alterations can be translated 

to the general population is unknown. The aim was to investigate relationships between BMI, vasomotion and 

adipokines in a population-based cohort. Body fatness, vasomotion, adiponectin and leptin were determined in 94 

healthy participants (age 42 years, 46 men, mean BMI 25.5±3.8 kg·m-2) of the Amsterdam Growth and Health 

Longitudinal Study (AGHLS). Vasomotion was assessed via wavelet analysis of skin laser Doppler flowmetry 

(LDF). BMI was associated with the neurogenic domain of the vasomotion spectrum (β -0.011, p=0.046), 

adiponectin (β -0.18, p=0.028) and leptin (β 2.22, p<0.0001). Adiponectin was positively associated with the 

neurogenic domain of vasomotion (β 0.016, p=0.019). Leptin did not show any significant relationship with 

vasomotion. The association between BMI and the neurogenic domain of the vasomotion spectrum was partly 

explained by adiponectin. The association between body fatness and microvascular vasomotion also applies to 

the normal population, and is partly explained by adiponectin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

Obesity and its sequelae have become a health problem of global proportions (1). The relationship between 

obesity and cardiovascular risk factors such as hypertension and insulin resistance is well established (2). 

Although adipokines such as adiponectin are increasingly identified as key players in the association between 

body fatness and vascular perturbations (3,4,5), the underlying mechanisms are not yet clear. It has been 

proposed that microvascular dysfunction plays a central role in obesity-related vascular and metabolic sequelae 

(6,7). Microvascular dysfunction may contribute to both impaired insulin delivery – and hence uptake – in skeletal 

muscle, as well as to increased vascular resistance and hypertension. An important but understudied component 

of microvascular function is vasomotion, defined as a rhythmic change of precapillary arteriolar diameter. It 

ensures spatial and temporal heterogeneity of microvascular perfusion, not only meeting metabolic demands but 

also affecting peripheral vascular resistance (8). Spectral analysis of these rhythmic changes in arteriolar 

diameter and the subsequent rhythmic fluctuation in blood flow through blood vessels, as assessed by LDF, 

identified several different sources of vasomotion, each contributing to a distinct part of the vasomotion frequency 

spectrum (9,10). To date, our knowledge of the relationship of obesity with vasomotion is mainly based on studies 

on selected populations with extreme body fatness phenotypes. These studies suggest that the neurogenic and 

endothelial vasomotion domains are decreased in amplitude in obese subjects (11,12). Whether the differences 

found in these studies can be translated to the general population, in which extremes make up only a very small 

proportion of the total, is unknown. Although adipokines are potential modulators of local arteriolar vasomotion,  

here have been no studies investigating such relationships. In the current observational study, performed in an 

apparently healthy, population-based cohort, we examined the relationship between adiposity and microvascular 

vasomotion. Further,  we assessed the postulated mediating role of adiponectin in this relationship. 

 

Methods 

Reporting of the study conforms to STROBE statement along with references to STROBE statement and the 

broader EQUATOR guidelines (Simera et al. January 2010 issue of EJCI).  

 

Subjects 

The Amsterdam Growth and Health Longitudinal Study (AGHLS) is an observational longitudinal cohort study that 

began in 1976 with a group of 450 boys and girls. Its initial goals were to investigate longitudinal relationships 

between biological and lifestyle variables (13). In the most recent measurement round (2006) at the age of 42 

years, vasomotion was assessed in skin via LDF. The study was approved by the medical ethical committee of 

the VU University Medical Center, and all subjects gave their written informed consent. For the current 

observational study, all the members of the cohort who underwent an LDF measurement (n = 128) were used in 

the analyses. Subjects with incomplete data on BMI or adipokines (n = 16) and subjects with laser Doppler 

recordings < 15 min (n = 18) were excluded, leaving 94 subjects for further analyses (table 1). There were no 

additional exclusion criteria. All measurements were performed on the same day. 

 

Adiposity and body fat distribution 

Body fatness and body fat distribution were measured in different ways. Anthropometric measurements of body 

height, body mass, waist circumference and skinfolds were performed according to standard procedures (14). 

BMI was calculated by dividing body mass (kg) by body height squared (m2). Skinfolds (biceps, triceps, 

subscapular and suprailiac) were measured with a Harpenden caliper (Holtain, Crosswell, UK) to the nearest 0.1 

mm according to the recommendations of the International Biological Programme (15). A whole-body dual energy  

X-ray absorptiometry (DEXA) scan was made to quantify trunk fatness in kilograms (Hologic 4500, software 

version 8.21, Hologic, Brussels, Belgium). 



Adipokines 

On the study day, a blood sample was taken from all participants after overnight fasting. Total adiponectin was 

determined in plasma samples by an in-house time-resolving immunofluorometric assay as described earlier (16). 

The interassay CV of a human quality control serum sample averaged 9.2%. The intraassay CV of samples 

analysed in duplicate averaged 2%. Leptin was determined in serum samples via electrochemiluminescence with 

a 2-plex multi-array (Meso Scale Discovery, MSD, Gaithersburg, MD, USA). The inter- and intra-assay CV were < 

5%. 

 

Laser Doppler flowmetry 

All measurements were performed in the fasting state in the morning in a quiet temperature-controlled room (23.0 

± 1.0°C). All participants had abstained from caffeine and alcohol-containing drinks or smoking overnight. 

Measurements were started after a 30-min period for acclimatization and rest. Microvascular measurements were 

performed in a sitting position with the investigated hand at heart level. Skin temperature was registered 

continuously and was above 28 °C at the start of all microvascular measurements. Skin blood flow was measured 

in conventional perfusion units (PU) by means of a laser Doppler system (Periflux 4000; Perimed, Stockholm, 

Sweden). Microvascular measurements were performed with one thermostatic laser Doppler probe (PF 481; 

Perimed) positioned at the dorsal side of the distal phalanx of the third digit of the non-dominant hand. 

 

Vasomotion 

Wavelet analysis of LDF signals 15 min or more in length (mean 20.3 ± 3.0 min) was conducted to assess the 

frequency spectrum between 0.01 and 1.6 Hz. The spectrum was divided into the five frequency intervals as 

described by Stefanovska et al. The first three lower frequency domains are thought to be locally generated (i.e. 

in arterioles), contributing to local perfusion: 0.01–0.02 Hz, endothelial activity; 0.02–0.06 Hz, neurogenic 

activity; and 0.06–0.15 Hz, myogenic response of the smooth muscle cells in the vessel wall. The higher 

frequencies originate upstream, are conducted through the vascular tree and are registered in the periphery: 

0.15–0.4 Hz, attributed to respiratory function; and 0.4–1.6 Hz, reflecting heart beat frequency (10). Wavelet 

analysis was performed using the wavelet toolbox in Matlab (7.8.0.347; The Mathworks, Inc., Natick, MA, USA) as 

described by Newman et al. (17). The relative amplitude was extracted for each of the five frequency bands (the 

average amplitude within a band divided by the average amplitude of the entire spectrum). This normalized 

amplitude takes into account the variation in the LDF signal strength between subjects (10,18,19). See 

supplemental figure 1 for examples of LDF recordings and non-normalized and normalized wavelet analyses. 

 

Statistical analysis 

All variables were first checked for normality of distribution. Data are presented as mean ± SD or median with 

range when applicable. The relations between BMI, microvascular vasomotion domains, adiponectin and leptin 

were assessed using univariable linear regression analyses. Next, multivariable linear regression analyses were 

performed to investigate whether the association between BMI and microvascular vasomotion domains remained 

when adjusting for adiponectin. For graphic representation, we re-analysed significant relationships using a 

restricted cubic spline function. These are piecewise polynomial functions that are constrained to join smoothly at 

points called knots. They provide insight in potentially non-linear relationships without the need to transform 

independent variables into categorical variables. All data points are thus used to estimate the outcome value at 

each level of independent variable, as opposed to categorical variables, which assume a constant risk within 

categories. Testing for non-linearity in the linear regression models was carried out using likelihood ratio (score) 

tests. All spline regression analyses were performed using R (version 2.15.2; The R Foundation for Statistical 

Computing, Vienna, Austria) (20). All analyses were adjusted for sex. A two-tailed P-value < 0.05 was considered 



significant. All analyses other than spline regression were performed using the statistical software package SPSS 

(version 18.0, SPSS, Inc., Chicago, Il, USA). 

 

Results 

Characteristics of the study group 

Baseline characteristics are shown in table 1. As expected, mean adiponectin was higher in women than men 

(12.1 ± 3.6 mg/L vs. 7.7 ± 2.5 mg/L, student t-test p < 0.0001).  

 

BMI and adiponectin are associated with the neurogenic domain of microvascular vasomotion  

Univariable regression analyses between BMI, adiponectin and vasomotion are displayed in Table 2. As 

expected, BMI was inversely related to adiponectin (β -0.18, p = 0.028) and positively related to leptin (β 2.22, p < 

0.0001). BMI also showed an inverse relation with the normalized amplitude of the neurogenic vasomotion 

domain (β -0.011, p = 0.046). BMI was also positively associated with the normalized amplitude of the cardiac 

domain (β 0.003, p = 0.020). There was no significant association between BMI and the normalized amplitude  of 

the endothelial domain (b 0.013, p = 0.17, stratified for gender: men β 0.008, p = 0.62, women β 0.15, p = 0.21). 

Only including subjects with a minimum LDF signal length of 16.7 min (i.e. 10 ‘endothelial contractions’ or more, n 

= 64) did not affect the results (data not shown). In addition, adiponectin showed a positive relation with the 

normalized amplitude of the neurogenic vasomotion domain (β 0.016, p = 0.019). Leptin showed no significant 

relations with vasomotion (table 2). The other measures of adiposity such as trunk fat mass as 

assessed by dual-energy X-ray absorptiometry and the sum of four skin folds (21) showed directionally 

similar, but less significant results compared to BMI (supplemental table 1). 

 

Adiponectin partly explains the association between 

adiposity and the normalized amplitude of the neurogenic domain of the vasomotion spectrum Because 

adiponectin levels were significantly higher in women in the AGHLS cohort, we investigated whether the criteria 

for effect modification were met for sex when using a regression model with adiponectin and the normalized 

amplitude of the neurogenic domain. This was not the case (p = 0.62 for interaction term). Subsequently, we 

investigated whether the association between BMI and the normalized amplitude of the neurogenic domain could 

statistically be explained, completely or at least partly, by lower adiponectin. An increase in BMI of 1 kg/m2 was 

associated with a decrease in relative amplitude of 0.011 in the neurogenic domain (95% CI: -0.022 to -0.0003;    

p = 0.046). After adjustment for adiponectin, the regression coefficient of the association between BMI and the 

neurogenic domain of the vasomotion spectrum decreased by 18% (b -0.009, 95% CI: -0.020 to 0.002; p = 0.125) 

and was no longer statistically significant (table 2). Adjustment for adiponectin did not affect  the association 

between BMI and the cardiac vasomotion domain. Spline regression analyses showed the relationship between 

BMI and the normalized amplitude of the neurogenic domain to be linear throughout the entire BMI spectrum  

(figure 1). This linear relationship remained after adjustment for adiponectin (Score test; p = 0.42). 

 

Discussion 

Vasomotion amplitudes are known to differ between extreme adiposity phenotypes (11,12). Our study shows a 

linear relationship between BMI within the population range and the normalized amplitude of the neurogenic 

vasomotion domain. Both parameters were in turn associated with adiponectin. Furthermore, plasma adiponectin, 

at least statistically, explained part of the association between BMI and the normalized amplitude of the 

neurogenic domain. Of the three frequency domains in the vasomotion spectrum thought to contribute to local 

microvascular flow in the postulated physiological framework, that is endothelial, neurogenic and myogenic, the 

normalized amplitude of the neurogenic domain showed consistent relationships with BMI and adiponectin. 



The 0.02 to 0.06-Hz frequency domain has been attributed to neurogenic activity after studies using local or 

ganglionic nerve blockade and sympathectomy (22,23). As the sympathetic nervous system (SNS) has been 

regarded as the source of the neurogenic domain in the vasomotion signal and SNS activity is thought to be 

increased in obesity (24), one could expect a higher amplitude in the neurogenic domain, that is more 

sympathetic rhythmic contractility in overweight/obese subjects (as is suggested by the higher normalized 

amplitude of the cardiac domain). Nevertheless, Agapitov et al. demonstrated a dissociation between increased 

SNS activity (microneurographic sympathetic nerve activity to skeletal muscle) and normal sympathetic vascular 

tone (as assessed via adrenergic receptor blockade by phentolamine) in normotensive obese individuals (25). 

These observations are consistent with the lower normalized amplitude in the normotensive overweight/obese 

subjects in this study and in line with earlier work by our group and others (11,12). A lower amplitude of the 

neurogenic domain (in other words a loss of sympathetic contractility) or vasomotion in general could be regarded 

as a shift towards pathology. The loss of randomness in precapillary arteriolar contractility signifies a decrease in 

adaptive response to changes in metabolic demand (26). Indeed, in a recent study in a different group of subjects, 

a decrease in the normalized amplitude of the neurogenic domain during a hyperinsulinemic euglycemic clamp 

was associated with lower insulin-augmented capillary recruitment and lower insulin-mediated glucose uptake 

(27/chapter 2). This supports the role for vasomotion, and the neurogenic domain in particular, in controlling blood 

flow distribution in skeletal muscle, subsequent insulin-mediated glucose uptake and obesity related defects 

therein. Indeed, vasomotion/flowmotion was recently reported in skeletal muscle using contrast enhanced 

ultrasonography (28). We could not demonstrate a significant association between BMI and the normalized 

amplitude of the endothelial domain. Although this was expected after earlier work from our group, this earlier 

study included only female participants, making those results less generalizable (11). Indeed, when stratified for 

gender, this association was twice as strong in women as in men in the AGHLS cohort. Furthermore, in the 

previous study, the number of women was twice that of the AGHLS cohort and they were selected to show 

extreme differences in BMI (11). Adipokines such as adiponectin and leptin are thought to be important 

intermediates in the pathways linking obesity with vascular and metabolic insulin resistance (3). Adiponectin in 

particular has received wide attention showing, amongst others, insulin-sensitizing effects (4,5). We found that in 

the AGHLS cohort, adiponectin was associated with the normalized amplitude of the neurogenic domain. 

Adiponectin could, at least partly, explain the association between BMI and the neurogenic domain of vasomotion, 

suggesting a modulating role for adiponectin in vasoreactivity. Such modulating effects by the globular domain of 

adiponectin have been found in vivo (29). How adiponectin would exert this modulating effect is not yet clear. 

Whether it entails direct local effects on vasomotor tone (via systemic circulating adiponectin or adiponectin 

excreted by local (e.g. perivascular) adipose tissue (30)) or central (nervous system) effects (31,32,33) remains to 

be elucidated. Leptin, although strongly related to body fatness, did not show an association with any of the 

vasomotion domains. Although vasoactive effects of leptin have been described ex vivo (34,35), such results 

have not been reproduced in vivo (36,37). In addition, the role of other adipokines besides adiponectin and leptin 

should not be neglected. This study has several strengths and limitations. To the best of our knowledge, this is 

the first study (experimental or clinical) to assess possible relationships between adipokines and vasomotion. The 

AGHLS cohort is the largest cohort in which vasomotion has been studied to date, and is population based. Also, 

the large number of subjects enables elaborate multivariable analyses. Recently, we have referred to a general 

rule-of-thumb for vasomotion analyses requiring a minimum recording of 10 successive arteriolar contractions in a 

frequency domain to perform robust spectral analyses for that particular domain (27). For the current retrospective 

cohort study, we included 30 subjects with theoretically only nine contractions (based on the predefined bottom 

end of the frequency spectrum, i.e. 0.01 Hz). Although the increase in the number of subjects available for 

analyses greatly improves the overall power of the study and re-analysis using only the 64 subjects with 10 

contractions or more did not affect the results, the inclusion of LDF signal lengths < 16.7 min (with a minimum of 



15 min) might have added slightly to the non-significant results for the endothelial domain. On the other hand, 

because of its size and the numerous measurements already involved, the AGHLS cohort does not allow for 

laborious studies or invasive interventions such as the gold standard for whole-body insulin sensitivity, the 

hyperinsulinemic euglycemic clamp. Also, statistical modeling can only provide indirect evidence of casual 

pathways, and causality can only be shown in different study designs. Finally, we did not address the role of other 

adipokines than full-length adiponectin and leptin, such as adiponectin’s globular domain, although this would 

probably have a small impact as associations between the adiponectin subforms in epidemiological studies are 

only moderately weaker for total adiponectin than for more selective measurements of active fractions (38). 

In conclusion, our data support a linear association between increasing BMI and loss of neurogenic microvascular 

vasomotion, and suggest that adiponectin is a causal intermediate in this association. Further studies should be 

carried out to confirm our findings, address alternative causal pathways and determine the downstream effects of 

altered microvascular vasomotion on vascular and metabolic sequelae of increasing adiposity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tables 

table 1 - characteristics of the study population 

 

characteristic mean±SD or median (range) 

n (males) 94 (46) 

age, y 42.1 ± 0.7 

body mass index, kgm-2  25.5 ± 3.8 

waist, cm 85.4 ± 11.1 

trunk fatness by DEXA, kg  10.1 ± 4.1 

S4SF, mm 67.8 ± 24.1 

systolic blood pressure, mm Hg    117 ± 15 

diastolic blood pressure, mm Hg 71 ± 8 

fasting plasma glucose, mmol/L 5.0 ± 0.5 

adiponectin, mg/L 9.9 ± 3.8 

leptin, ug/L 8.2 (0.5 - 83.4) 

total cholesterol, mmol/L 5.0 ± 0.8 

HDL-cholesterol, mmol/L  1.7 ± 0.4 

LDL-cholesterol, mmol/L  2.8 ± 0.8 

triglycerides,  mmol/L 1.2 ± 1.0 

smoker current, n (%)  14 (15) 

smoker ever, n (%) 26 (28) 

medication use, % 10 (9.4) 

metabolic syndrome > 3 criteria by IDF, n (%) 8 (9) 

Vasomotion frequency domains, normalized to total amplitude  

   cardiac  0.17 ± 0.05  

   respiratory  0.28 ± 0.08 

   myogenic  0.86 ± 0.19 

   neurogenic  1.71 ± 0.21 

   endothelial  2.66 ± 0.34 

 

Data are presented as mean ± SD or median with interquartile range. S4SF indicates sum of four skinfold 

thicknesses. HOMA-R, homeostasis model assessment insulin resistance. IDF, International Diabetes Federation 

(Alberti KG, Zimmet P, Shaw J. Metabolic syndrome – a new worldwide definition. A Consensus Statement from 

the International Diabetes Federation. Diabet. Med. 23: 469-480, 2006). Cardiac indicates frequency spectrum 

attributed to heart beat, respiratory indicates frequency spectrum attributed to respiration, myogenic indicates 

frequency spectrum attributed to vascular smooth muscle cells, neurogenic indicates frequency spectrum 

attributed to SNS activity and endothelial indicates frequency spectrum attributed to endothelial activity. *Drug use 

was recorded in categories and not further specified. ‘Cardiovascular’ includes ‘antihypertensive’ and 

‘antiarrhythmyc’. 

 



table 2 - regression analysis of normalized vasomotion domains 

 

 BMI   ADN   LEP   

     β 95% CI p    β 95% CI p       β 95% CI p    

Model 1. adjusted for gender       

adiponectin -0.18 -0.35- -0.02 0.028* - - - - - - 

cardiac 0.003 0.001-0.006 0.021* -0.003 -0.007-0.001 0.10 0.0003 -0.001-0.001 0.47 

respiratory 0.001 -0.003-0.006 0.54 -0.003 -0.008-0.002 0.26 -0.0003 -0.002-0.001 0.67 

myogenic -0.004 -.015-0.007 0.50 -0.009 -0.022-0.005 0.20 -0.001 -0.005-0.002 0.38 

neurogenic -0.011 -0.022-0.000 0.046* 0.016 0.003-0.030 0.019* -0.0002 -0.004-0.003 0.91 

endothelial 0.013 -0.006-0.031 0.17 -0.004 -0.026-0.019 0.76 0.002 -0.004-0.007 0.54 

Model 2. adjusted for gender and adiponectin      

adiponectin - - - - - - - - - 

cardiac 0.003 0.000-0.006 0.047* - - - - - - 

respiratory 0.001 -0.004-0.005 0.73 - - - - - - 

myogenic -0.006 -0.17-0.006 0.32 - - - - - - 

neurogenic -0.009 -0.020-0.002 0.13 - - - - - - 

endothelial 0.013 -0.006-0.032 0.18 - - - - - - 

 

BMI and adipokines in 94 subjects. All models are adjusted for gender β = regression coefficient, 95% CI = 95% 

confidence interval, and p indicates the significance level of the relationship. *Significant association (p < 0.05). 

Cardiac indicates frequency spectrum attributed to heart beat, respiratory indicates frequency spectrum attributed 

to respiration, myogenic indicates frequency spectrum attributed to vascular smooth muscle cells, neurogenic 

indicates frequency spectrum attributed to SNS activity and endothelial indicates frequency spectrum attributed to 

endothelial activity. 

 

 

 

 

 

 



Figures 

figure 1  

 

 

 

Relationship between BMI and the normalized amplitude of the neurogenic vasomotion domain in a spline 

regression model. The light band represents the 95% confidence interval. 
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Supplemental material 

 

table 1 - regression analysis of normalized vasomotion domains  

 dexa   S4SF   

     β 95% CI p    β 95% CI p    

Model 1. adjusted for gender      

adiponectin -0.17 -0.32- -0.18 0.029* -0.024 -0.051-0.004 0.089 

cardiac 0.002 -0.001-0.005 0.16 0.0002 -0.0003-0.001 0.37 

respiratory 0.002 -0.002-0.006 0.41 0.0002 -0.0005-0.001 0.55 

myogenic -0.004 -0.14-0.007 0.48 -0.001 -0.002-0.001 0.54 

neurogenic -0.009 -0.19-0.002 0.11 -0.002 -0.003-0.0002 0.084 

endothelial 0.11 -0.006-0.028 0.21 0.002 -0.001-0.005 0.12 

Model 2. adjusted for gender and adiponectin     

adiponectin - - - - - - 

cardiac 0.002 -0.001-0.004 0.29 0.0002 -0.0003-0.001 0.53 

respiratory 0.001 -0.003-0.005 0.56 0.0001 -0.001-0.001 0.68 

myogenic -0.006 -0.16-0.005 0.30 -0.001 -0.003-0.001 0.39 

neurogenic -0.006 -0.016-0.004 0.25 -0.001 -0.003-0.001 0.17 

endothelial 0.11 -0.007-0.028 0.23 0.002 -0.001-0.005 0.13 

 

Trunk fat via DEXA, sum of 4 skin folds and adiponectin in 94 subjects. DEXA indicates trunk fat in kilograms as 

assessed via whole body dual-energy X-ray absorptiometry, S4SF indicates sum of 4 skinfold thicknesses, β = 

regression coefficient, 95% CI = 95% confidence interval, and p indicates the significance level of the relationship. 

*Significant association (p < 0.05). Cardiac indicates frequency attributed to heart beat, respiratory indicates 

frequency spectrum attributed to respiration, myogenic indicates frequency spectrum attributed to vascular 

smooth muscle cells, neurogenic indicates frequency spectrum attributed to SNS activity and endothelial indicates 

frequency spectrum attributed to endothelial activity. 
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A. 2 examples of an LDF recording (see methods Laser Doppler Flowmetry). B. 2 examples of non-normalized 

results after wavelet analyses on LDF recordings from figure A (see methods Vasomotion). C. 2 examples of 

normalized results after wavelet analyses on LDF recordings from figure A (see methods Vasomotion).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


