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General introduction

Cardiovascular risk factors

Cardiovascular disease (CVD) is world wide one of the leading causes of death. With the 

introduction of blood pressure and cholesterol lowering medication, platelet aggregation 

inhibitors and glucose lowering therapy the incidence of cardiovascular events has decreased 

substantially. The residual risk of cardiovascular disease remains substantial. Presently, in the 

Netherlands CVD is the second most common cause of death (www.cbs.nl). To further optimize 

treatment and/or to prevent CVD we need to refine our tools to determine which subjects are at 

risk and should receive treatment. This risk stratification is traditionally based on the assessment 

of cardiovascular risk factors. The INTERHEART study convincingly showed that nine potentially 

modifiable risk factors for cardiovascular disease are associated with more than 90% of the 

risk of an acute myocardial infarction.1 These risk factors are hypertension, abnormal lipids, 

smoking, diabetes, abdominal obesity, psychosocial factors, diet (consumption of fruits and 

vegetables), use of alcohol, and physical activity. The predictive value of these nine risk factors 

is consistent across men and women, young and old and among different ethnic groups. Clini-

cally the Framingham risk score and the European Systemic Coronary Risk Evaluation (SCORE) 

are used to predict the risk of cardiovascular disease. These risk scores incorporate most but 

not all of the modifiable risk factors from the INTERHEART study. There are, however, groups 

that are not adequately identified by these risk scores. Younger persons, persons with only one 

risk factor and persons with rare genetic or congenital disorders affecting the cardiovascular 

system might not be identified with the traditional risk factor approach, although they might 

benefit from early cardiovascular prevention. Furthermore, most cardiovascular events occur in 

subjects who are categorized as low-risk according to the above mentioned risk scores. There 

is therefore a need to improve the prediction of CVD for the individual person to be able to 

identify those who might benefit most from treatment. 

Central blood pressure and wave reflection

Improving risk stratification begins with optimizing assessment of individual risk factors. Just 

as there is discussion which physical measure best describes obesity and which lipid parameter 

is the best representative of dyslipidemia and has the highest predictive power of CVD, there 

has been debate which blood pressure component (systolic, diastolic or pulse pressure) yields 

the best predictive value for cardiovascular disease. Not only are the different blood pressure 

components debated, but also the location of the blood pressure measurement. Although it 

has long been realized that systolic blood pressure differs among the arterial system, treatment 

of hypertension has since the last 100 years been based on blood pressure readings from the 

brachial artery. Central aortic blood pressure, which is the blood pressure in the proximal aorta, 

however, may better reflect the blood pressure burden on the heart and brain and is therefore 

thought to be a better predictor of organ damage and cardiovascular events than peripheral 
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brachial blood pressure.2-4 Systolic blood pressure amplifies when going from the heart to 

more distant arteries, while diastolic blood pressure remains constant. Pulse pressure as the 

difference between systolic and diastolic blood pressure therefore increases. This is known as 

pulse pressure amplification. The difference between peripheral and central blood pressure is 

explained by a phenomenon called pulse wave reflection. Pressure waves generated by con-

traction of the left ventricle, called forward waves, travel down the aorta and its main branches 

with a certain speed. They reflect at points where there is a discontinuity - branches or changes 

in diameter (reflection points) - and travel back to the heart as backward waves. Thus, pressure 

waves measured anywhere in the arterial system are the result of the interaction between for-

ward and backward waves. The timing of forward and backward waves determines the height 

of the pressure wave and thus systolic and pulse pressure. Early or enhanced wave reflection 

causes increased central systolic pressure, which results in increased load to the left ventricle.  

Augmentation index (AIx) is a measure of wave reflection and is determined by heart rate, aor-

tic stiffness and reflection site.5, 6 These three factors can be pharmacologically modified. First, 

wave reflection and therefore AIx increases when heart rate is lowered as a result of prolonged 

ejection time causing a greater portion of the backward wave to arrive in late systole.6 This 

is for example seen during treatment with beta-blockers. Second, arterial stiffness is, among 

other factors, dependent on distending pressure and sympathetic tone of the artery. The speed 

by which pulse waves travel down the aorta and the arterial system, or pulse wave velocity 

(PWV), is a measure of arterial stiffness. Pharmacological agents that are able to lower blood 

pressure and/or sympathetic tone could decrease arterial stiffness and theoretically alter wave 

reflection. Finally, AIx can be changed by modifying the reflection site. Because AIx is the sum 

of different forward and backward waves, the location and contribution of the different reflec-

tion sites to AIx is difficult to establish. It is known that besides major bifurcations, the main 

reflection sites are thought to be high resistance small arteries and arterioles.7, 8 Agents such as 

angiotensin II and noradrenalin induce vasoconstriction and have been shown to increase AIx,9 

whereas vasodilators, such as nitroprusside and calcium channel blockers lower AIx.10

Differences in peripheral and blood pressure are not only relevant because of the differences 

in predictive value of cardiovascular events, but even more because peripheral and central 

pressure can be altered differentially with antihypertensive agents. The landmark Conduit 

Artery Function Evaluation (CAFE) study has shown that beta-blocker/diuretic based treatment 

lowered peripheral blood pressure to the same extent as calcium channel blocker (CCB)/ angio-

tensin converting enzyme (ACE) inhibitor based treatment, but importantly the latter treat-

ment lowered AIx and central blood pressure significantly more.11 Interestingly, cardiovascular 

morbidity and mortality was significantly lower with CCB/ACE inhibitor treatment compared to 

beta-blocker/diuretic treatment.
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Arterial structure and function

There are numerous markers of (subclinical) organ damage that are known to predict and 

are causally related to cardiovascular endpoints such as myocardial infarction and stroke: 1) 

left ventricular hypertrophy (LVH), 2) intima media thickness of the carotid artery (cIMT) and 

3) pulse wave velocity (PWV). The combined European Society of Cardiology and European 

Society of Hypertension guideline on the treatment of hypertension acknowledges the added 

value of these markers of subclinical organ damage by allocating persons with subclinical organ 

damage to higher risk categories.12 The value of these risk markers at improving individual 

cardiovascular risk prediction is, however, still debated. 

Atherosclerosis is a slow process and most individuals remain asymptomatic at its early stages. 

Intermediate or surrogate markers of atherosclerosis, such as cIMT are used to assess the bur-

den of atherosclerosis. cIMT is measured non-invasively with ultrasonography and is a measure 

of carotid artery wall thickening, which is independent of classic cardiovascular risk factors. It is 

used as an intermediate endpoint in studies evaluating the effect of an intervention designed 

to counteract the ongoing process of atherosclerosis. Increased cIMT is associated with an 

increased risk, whereas regression of cIMT is associated with a reduction in cardiovascular 

events.13 The presence of plaques and stenoses, rather than just thickening of the carotid artery 

is associated with dramatically increased cardiovascular risk.14 

Where cIMT is a measure of atherosclerosis representing structural changes in the arterial wall, 

PWV is a measure of arterial stiffness describing more functional alterations of the arterial wall. 

PWV is considered the gold standard of non-invasive arterial stiffness measurements.15 PWV 

is an independent predictor of cardiovascular mortality.16 Possibly PWV could help identify 

persons at risk for cardiovascular disease. Two studies have shown that a high PWV, in sub-

jects with a low SCORE risk (<5%)17 or with a low Framingham risk18 was a strong predictor 

for cardiovascular events, suggesting a better risk prediction by PWV in these individuals. 

Disagreement between risk score and PWV, especially in subjects with low risk scores implies 

that PWV is particularly useful in younger subjects, since age is the major contributor in these 

models. Whether PWV indeed improves risk stratification needs to be confirmed in prospective 

studies. PWV can be reduced by lowering blood pressure19 and there is some evidence that 

statin therapy improves PWV.20, 21 An important issue that needs to be addressed in this respect 

is whether improvement in PWV will translate into a reduction in CVD.

Aims

To better appreciate the value of central blood pressure, wave reflection and large artery 

stiffness in the prediction of cardiovascular risk, the first aim of this thesis is to study central 

hemodynamics and large artery function with the use of non-invasive measurements in 

patients characterized by inherited structural and anatomical large artery abnormalities or a 
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genetic predisposition to these abnormalities. The second aim is to study the differential effects 

of both non-pharmacological and pharmacological interventions on peripheral and central 

hemodynamic and large artery function in subjects at risk of CVD. The third aim of our study 

came out of our observation that wave reflection appeared to decrease upon standing, a find-

ing we thought counterintuitive at first. In the final part of this thesis we aim to further explore 

these findings and hypothesize on the possible pathophysiological mechanisms underlying 

the decline in wave reflection after postural change.

outline oF the thesis

This thesis describes the use of different non-invasive techniques to measure central hemody-

namics and large artery structure and function. Part i of the thesis presents a series of studies 

focussing on central hemodynamics and large artery characteristics in patients with a congeni-

tal or genetic predisposition to structural and functional large artery abnormalities. In chapter 

2 we examine structural and functional large artery alterations in carriers of a mutation in the 

lecithin:cholesterol acyl transferase (LCAT) gene and therefore lifelong exposed to low HDL-c 

levels. There is discussion whether LCAT mutation carriers have an increased risk of cardiovas-

cular disease. We address this issue by measuring carotid artery thickness with 3.0 Tesla MRI 

and ultrasound, as a measure of atherosclerotic organ damage, in LCAT carriers and matched 

controls. In chapter 3 we investigate whether the structural abnormalities observed in LCAT 

mutation carriers were associated with functional changes in large arteries by measuring PWV. 

In chapter 4 we investigate micro- and macrovascular function in patients with Fabry disease, 

an X-linked hereditary lysosomal storage disorder caused by a deficiency of α-galactosidase 

A that leads to accumulation of globotriaosylceramide in various organs and tissues, includ-

ing the arterial wall. In chapter 5 we examine whether apparently healthy asymptomatic first 

degree relatives of patients with premature coronary artery disease show signs of increased 

large artery stiffness and whether this is associated with coronary artery calcifications. chapter 

6 describes structural and functional alterations in patients with surgically corrected aortic 

coarctation. It has previously been shown that post-coarctectomy patients have enhanced 

wave reflection. We assess whether this can be pharmacologically modified with vasodila-

tory agents such as salbutamol and nitroglycerine. In chapter 7 we extend our research in 

post-coarctectomy patients by assessing determinants of enhanced wave reflection and by 

examining whether enhanced wave reflection is associated with cIMT and left ventricular mass 

as indicators of organ damage.

In Part ii we assess peripheral and central hemodynamics in a number of intervention stud-

ies. In chapter 8 we assess the blood pressure lowering effects of cocoa in a double-blind 

placebo-controlled three-period cross-over trial. In chapter 9 we study the differential effects 
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of intravenous labetalol and sodium nitroprusside on peripheral and central hemodynamics in 

the immediate treatment of malignant hypertension. In chapter 10 we compare in a cross-over 

study the effects of carvedilol and metoprolol in heart failure patients and assess whether com-

mon genetic variants in the beta2-adrenergic receptor can mediate the treatment response. 

chapter 11 describes the changes in hemodynamics and autonomic balance after gastric 

bypass surgery in morbidly obese persons. 

Part iii explores the effects of postural change from supine to standing on wave reflection. 

In chapter 12 we investigate the influence of increased peripheral resistance from supine to 

standing on wave reflection and the effects of age in this response to postural change. We 

elaborate on the wave reflection response during postural change in chapter 13. We investi-

gate whether different angles of head up tilt will lead to a gradual decrease in wave reflection. 

Finally, in chapter 14 we set out to test our hypothesis that the reduction in wave reflection 

during standing partially depends on the beta2-adrenergic receptor and whether persons with 

specific haplotypes of the beta2-adrenergic receptor show an altered wave reflection response 

upon standing.
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aBstract

objectives Aim of this study was to investigate the role of reduced Lecithin:cholesterol acyl-

transferase (LCAT) function on atherogenesis using 3 Tesla carotid magnetic resonance imaging 

(MRI) and B-mode ultrasound.  

Background The role of low high-density lipoprotein cholesterol (HDL-c) as a causal factor in 

atherogenesis has recently been questioned. LCAT plays a key role in HDL-c metabolism. 

methods Carotid 3.0 Tesla MRI and B-mode ultrasound measurements were performed in 40 

carriers of LCAT gene mutations and 40 controls, matched for age. Patients with cardiovascular 

disease were excluded. 

results Carriers had 31% lower LCAT activity levels and 38% decreased HDL-c levels (both 

p<0.001 vs. controls). Carriers presented with a 10% higher normalized wall index (0.34±0.07 

vs 0.31±0.04, p=0.002), a 22% higher mean wall area (17.3±8.5 mm2 vs 14.2±4.1 mm2, p=0.01), 

and a 22% higher total wall volume (1039±508 mm3 vs 851±247 mm3, p=0.01 vs controls) as 

measured by MRI. The prevalence (20 vs 5, p=0.002) and the total volume (102 mm3 vs 3 mm3) 

of atherosclerotic plaque components on MRI relating to lipid-rich tissue or calcification were 

also higher in carriers than controls. All differences retained significance after adjustment for 

age, gender, blood pressure, LDL-c, BMI, smoking and family history of cardiovascular disease. 

Common carotid intima-media thickness measured with ultrasound was increased in carriers 

by 12.5% (0.72±0.33 mm vs 0.64±0.15 mm, p=0.14).

conclusion Carriers of LCAT gene mutations exhibit increased carotid atherosclerosis, indicat-

ing an increased risk for cardiovascular disease. The present findings imply that raising LCAT 

activity may be an attractive target in cardiovascular prevention strategies.
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introduction 

A low plasma high-density lipoprotein cholesterol (HDL-c) level is among the strongest risk 

factors for cardiovascular disease (CVD).1 One of the mechanisms by which HDL-c is considered 

to convey atheroprotection is the removal of excess cholesterol from lipid-laden foam cells in 

the artery wall and transport it to the liver for fecal excretion, a process referred to as “reverse 

cholesterol transport”.2 A crucial enzyme in HDL-c metabolism is lecithin:cholesterol acyl 

transferase (LCAT).3, 4 This plasma enzyme, produced in the liver and small intestine, is predomi-

nantly associated with HDL-c and esterifies free cholesterol using apolipoprotein A-I (apoA-I) as 

a cofactor.3 Homozygotes for deleterious mutations in the LCAT gene are characterized by near 

complete HDL-c deficiency (~90% reduction), while heterozygotes have profoundly reduced 

HDL-c levels (~40% reduction) compared to normal.5-8

To date, the relation between LCAT and atherosclerosis has been a matter of debate. Animal 

studies have not been able to provide a clear answer, as both LCAT knockout models as well as 

LCAT overexpression models yielded mixed results with respect to atherogenesis as was recently 

reviewed.9 Human studies have also been conflicting. Hovingh et al. reported that carriers of 

LCAT gene mutations have increased carotid intima-media thickness (cIMT as quantified by 

B-mode ultrasound imaging) compared to family controls.10 In contrast, Calabresi et al. recently 

reported that cIMT was decreased in carriers while using the same ultrasound methodology.11 

These contradictory outcomes are difficult to interpret and may result from population differ-

ences. Furthermore, a limitation of previous studies is that carotid ultrasound lacks statistical 

power to reliably measure arterial wall thickness in small population studies, since ultrasound 

provides two dimensional longitudinal images, where atherosclerosis is a three dimensional 

eccentric developing disease. Magnetic resonance imaging (MRI) might overcome these imag-

ing limitations, as it enables transverse three dimensional imaging of atherosclerosis at high 

resolution with excellent interscan reproducibility.12

In the present study, we set out to assess the relationship between LCAT and carotid 

atherosclerosis using carotid 3.0 Tesla MRI, in parallel to carotid B-mode ultrasound imaging, 

comparing carriers of LCAT mutations and controls. We hypothesized that carriers of LCAT gene 

mutations had increased atherosclerosis compared to controls.

methods

Study Design

In this study the extent of carotid atherosclerosis in subjects with LCAT gene mutations and 

age-matched controls was compared. The study was conducted at the Academic Medical 

Center in Amsterdam, The Netherlands from October 2008 to October 2009. The study protocol 
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was reviewed and approved by the institutional review board and all subjects gave written 

informed consent.

The 3 probands of the families in which we identified LCAT mutations, had presented to 

the ophthalmologists with corneal clouding, after which they were referred to our lipid clinic. 

Subsequently, we performed genetic testing in their family members to identify subjects with 

LCAT mutations. Carriers of molecularly diagnosed LCAT mutations (DNA and LCAT activity) 

were enrolled in this study, irrespective of their age and gender. Probands with cardiovascular 

disease and their family members were excluded. For the control group, family members of the 

included carriers were asked to participate in the study, comprising first, second or third degree 

family members or spouses. They were included if they could be matched for age with a carrier. 

As insufficient numbers of unaffected family controls (n=19) volunteered, we complemented 

the control group with unrelated controls (n=21) recruited by advertisement. Exclusion criteria 

for both carriers and controls were history of CVD, prior carotid surgery or any contraindication 

for MRI.

Questionnaire, Biometric and Biochemical Measurements 

Presence of cardiovascular risk factors, use of medication and family history of CVD, were 

assessed by a questionnaire. Brachial artery blood pressures were measured using an oscil-

lometric blood pressure device (Omron 705IT). Presence of hypertension was defined as a 

systolic blood pressure (SBP) >140 mmHg, a diastolic blood pressure (DBP) >90 mmHg or use of 

antihypertensive medication. Weight and length were measured to calculate body mass index 

(BMI). 

EDTA plasma obtained through venous blood samples were obtained after overnight fasting 

and stored using standardized protocols. Plasma total cholesterol, HDL-c and triglyceride levels 

were analyzed using a commercially available enzymatic methods (Westburg, USA) on a Cobas 

Mira autoanalyzer (Roche, Switzerland). Low-density lipoprotein cholesterol (LDL-c) levels were 

calculated using the Friedewald equation. LCAT activity was measured using a proteoliposome 

substrate as previously described.10

Carotid Magnetic Resonance Imaging

Scans were obtained in a 3.0 Tesla Philips whole-body scanner, using a single-element microcoil 

with a diameter of 5 cm. Cardiac gated axial T1-weighted Turbo Spin Echo image stacks were 

acquired at end-diastole using double inversion recovery preparation and active fat suppres-

sion. Sequence parameters were: slice thickness 3 mm, imaging matrix size 240, FOV of 60 x 60 

mm, non-interpolated pixel size 0.25 x 0.25 mm, TE 9 ms, TR according to the subjects’ heart rate 

(approximately 900 ms), echo train length 7, echo train duration 63 ms. To localize the left and 

right common carotid artery and carotid bifurcation, axial Magnetic Resonace Angiography 

(MRA) images were acquired using a Time of Flight (TOF) sequence. These images together with 

projection images were used for positioning the scan planes perpendicular to the vessel at a 
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predefined distance distal to the flow divider. Ten slices were scanned of the distal 3.0 cm of the 

left and right common carotid artery. The slices were located from 9 mm to 39 mm proximal 

to the carotid flow divider. Each carotid was scanned individually. A total of 20 images were 

obtained per scan. All images were saved in DICOM format. Standardized equipment and pro-

tocols were used for image storage and data management. The imaging protocol and image 

analysis have been described previously.12,13

Quantitative image analysis was performed using semi-automated measurement software 

(VesselMass, Leiden University Medical Center, The Netherlands).14 One reader analyzed all the 

images, blinded for group and any other data of the participants. Mean wall area (MWA), lumen 

area (LA), outer wall area (OWA), and total wall volume (TWV) were measured. Normalized wall 

index (NWI) was calculated as: NWI= MWA / OWA. Also prevalence of plaque components (PC) 

and total PC volume (mm3) was assessed. PC was defined as a T1-weighted image on which an 

area of decreased signal intensity within the artery wall was identified. Previous studies have 

shown that areas in the artery wall with decreased signal intensity on T1-weighted images 

represent either lipid-rich tissue or calcification.15 Prevalence of PC was reported as the total 

number of images per group that showed PC. Also the volume of PC’s was quantified, and 

reported as the sum of all PC volumes of all subjects per group.

Carotid Ultrasound Imaging 

Carotid B-mode ultrasound scans of the left and right common, bulb and internal carotid arte-

rial far walls were assessed in a single-angle imaging protocol, with the transducer axis parallel 

to a virtual ear-to-ear line, according to our standardized protocol as previously described.16 

One experienced and certified sonographer performed all scans, and one reader analyzed all 

the images, blinded for group and any other data of the participants. Images were analyzed 

quantitatively off-line by one certified image analyzer using validated software (eTrack, Aca-

demic Medical Center, The Netherlands). The primary ultrasound parameter was defined as 

mean common carotid intima-media thickness (CCIMT, defined as the average far wall IMT of 

the left and right distal 1cm of the common carotid artery). A secondary ultrasound endpoint 

entailed the mean cIMT (cIMT), defined as the average far wall IMT of the left and right com-

mon, bulb and internal carotid arterial wall segments.

Outcome Parameters

Normalized wall index (NWI) was the primary outcome parameter of the study. A priori, based 

on previous study data and assuming a two-sided α of 0.05 and a ß of 0.2 (power of 80%), we 

calculated a sample of at least 38 subjects per group was required to detect a 0.02 difference in 

NWI between groups. Secondary MRI outcome parameters were MWA (mm2), and TWV (mm3). 

Secondary ultrasound outcome parameters were CCIMT (mm), and cIMT (mm). Exploratory 

endpoints were PC prevalence (n) and total PC volume (mm3) assessed by MRI.
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Statistical Analysis

Continuous variables are expressed as means ± standard deviations (SD), unless otherwise 

specified. Differences in demographic, biometrical and biochemical parameters between carri-

ers of LCAT gene mutations and controls were assessed using unpaired Student’s t-tests or Chi 

square tests, where appriopriate. Differences in carotid imaging parameters between carriers 

of LCAT gene mutations and controls were assessed using unpaired Student’s t-tests, unless 

otherwise specified. In addition, a multivariate model was used with generalized estimating 

equations in the SAS procedure GENMOD to account for age, gender, hypertension (SBP >140 

mmHg, DBP >90 mmHg or use of antihypertensive medication), LDL-c, BMI, smoking, family 

history of CVD and correlations within families due to clustering of genetic and/or environmen-

tal factors. To compare the agreement between MRI and US scans within patients we assessed 

the intraclass correlation coefficient and mean paired difference between MWT (MRI) and 

CCIMT (ultrasound). Statistical analyses were done using SPSS (Statistical Package for the Social 

Sciences) version 16.0 and SAS package (SAS Institute Inc.). The authors had full access to the 

raw data and take responsibility for its integrity. 

results

Population Characteristics 

We studied 40 carriers of LCAT gene mutations (from 14 families of Dutch descent) and 40 

age-matched controls of which 19 were family members and 21 were unrelated individuals. 

Mutations in the LCAT gene can either cause loss of enzymatic activity on only HDL (α-activity), 

or loss of activity on both HDL and LDL (α- and ß-activity respectively).8 Clinically, this translates 

into two different autosomal recessive disorders: fish eye disease (FED, only loss of α-activity) 

and familial LCAT deficiency (FLD, loss of both α- and ß-activity)5-7. Whereas both FED and 

FLD patients present with low HDL-c, only FLD patients also exhibit lower LDL-c levels5-7. Of 

the carriers, 38 had one mutant LCAT allele, while 2 were homozygotes for a defect which 

underlied clinically manifest FED (corneal opacification). Thirty-three out of the 40 carriers had 

a mutation of which is known that it causes FED when present on both alleles. Four individuals 

were heterozygotes for a mutation which is known to cause FLD when present on both alleles. 

Finally, 3 subjects carried LCAT gene point mutations of which it is unknown whether they 

cause FED or FLD when present on both alleles (no homozygous patients described). Table 1 

summarizes the demographic, lifestyle, and clinical characteristics of carriers and controls. Age, 

gender, smoking, alcohol use, blood pressure, diabetes, fasting glucose level, fasting insulin 

level, Homeostatic Model Assessment index (HOMA) index, hypertension and the Framingham 

risk score were similar. BMI tended to be higher in the carriers, but this was not statistically 

significant. Also more lipid lowering medication, especially statins, and ascal were perscribed 

in the carriers.
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Table 1 also gives the results of lipid, (apo)lipoproteins and LCAT activity measurements. Car-

riers had 8% lower total cholesterol (p<0.04) which could be attributed to a 38% reduction 

table 1 Characteristics in Carriers of LCAT Gene Mutations and Controls. 

carriers of lcat gene 
mutations (n=40) controls (n=40) p-value

characteristics

  Age, yrs 42.4 (13.0) 42.3 (14.1) 0.97 

  Male sex, n (%) 27 (68) 23 (58) 0.36

  Body Mass Index, kg/m2 25.7 (4.0) 24.5 (3.5) 0.17

  Smokers, n (%) 6 (15) 6 (15) 1.0

  Alcohol use, units per week 5.8 (5.5) 7.8 (7.9) 0.22

  Medication use, n (%)

     Statin 11 (28) 1 (3) 0.05

     Ezetimibe 3 (8) 0 (0) 0.08

     Niacin 3 (8) 0 (0) 0.08

     Fibrate 1 (3) 0 (0) 0.31

     Asprin 3 (0) 0 (0) 0.08

Blood pressure 

  Systolic, mmHg 131 (13) 128 (13) 0.29

  Diastolic, mmHg 78 (9) 76 (9) 0.26

  Hypertension, n (%) 10 (25) 6 (15) 0.26

Glucose metabolism

  Fasting glucose, mmol/L 5.2 (0.8) 5.3 (0.9) 0.49

  Fasting insulin, mU/L 5.1 (8.9) 5.2 (7.3) 0.94

  HOMA index 1.2 (2.1) 1.5 (2.4) 0.67

  Diabetes, n (%) 0 (0) 1 (3) 0.31

lipid metabolism

  Total cholesterol, mg/dL 175.4 (44.1) 190.8 (41.6) 0.04

  LDL-cholesterol, mg/dL 126.5 (33.4) 123.6 (31.4) 0.69

  HDL-cholesterol, mg/dL 34.1 (13.9) 54.4 (16.2) <0.001

  Triglycerides, mg/dL 104.4 (80.8 – 146.2) 82.3 (55.3 – 126.1)  0.06

  Apolipoprotein B, mg/dL 103.1 (25.6) 100.7 (23.8) 0.68

  Apolipoprotein A-I, mg/dL 119.9 (31.9) 150.6 (25.7) <0.001

  LCAT activity, nmol· mL-1· h-1 9.24 (2.95) 12.85 (2.92) <0.001

Framingham Risk Score 3.9 (4.6) 3.1 (4.6) 0.47

Values are indicated as mean ± SD unless otherwise indicated. Male sex, smokers, medication 
use, hypertension, diabetes: p for X2 test; for other parameters: p for Students’ t-test. LCAT is 
lecithin:cholesterol acyltransferase, HOMA index is Homeostatic Model Assessment index, hypertension 
was defined as systolic blood pressure > 140mmHg, diastolic blood pressure > 90 mmHg or use of 
antihypertensive medication. For triglycerides we report median and interquartile range; P for T-test after 
log-transformation. Framingham Risk Score shows the 10-year risk for coronary heart disease.
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of HDL-c levels (p<0.001) with similar LDL-c levels in both groups. Plasma triglyceride levels 

were 27% higher in carriers compared to controls (p<0.06). Apo B levels were identical while 

carriers had 20% lower apo A-I levels (p<0.001). LCAT activity levels were 31% lower in carriers 

compared to controls (p<0.001).

Carotid MRI and Ultrasound

Mean values (±SD) of MRI and ultrasound parameters are shown in Table 2. NWI, the primary 

endpoint of this study, was signficantly increased in carriers compared to controls (p=0.02), 

shown in Figure 1. Statistical corrections for differences in age, gender, hypertension, LDL-c, 

BMI, smoking, family history of cardiovascular disease (CVD) and clustering of genetic and/or 

environmental factors in families rendered stronger statitistical significance (p=0.002). NWI in 

unaffected family controls was similar to that of unrelated controls (0.30±0.04 versus 0.31±0.05 

(p=0.57). We also assessed differences in plaque composition. The prevalence of plaque com-

ponent related to lipid-rich tissue or calcification (PC prevalence) was 25% higher (20 versus 6) 

and total PC volume was 34 times larger in carriers than in controls. Ultrasound CCIMT, and cIMT 

were increased in carriers, but these differences did not reach statistical significance. There was 

table 2 Carotid 3.0 Tesla MRI and B-mode Ultrasound Parameters for Carriers of LCAT Gene Mutations and 
Controls. 

carriers of lcat 
gene mutations 

(n=40) controls (n=40) p-value1
adj. 

p-value2

3.0 tesla mri

NWI 0.34 (0.07) 0.31 (0.04) 0.02 0.002

MWA (mm2) 17.3 (8.5) 14.2 (4.1) 0.02 0.01

TWV (mm3) 1039 (508) 851 (247) 0.02 0.01

LA (mm2) 32.5 (6.7) 31.3 (5.1) 0.32 0.72

 Plaque Composition Analysis

   Total PC volume (mm3) 102 3

B-mode ultrasound

CCIMT (mm) 0.72 (0.33) 0.64 (0.15) 0.19 0.14

cIMT (mm) 0.75 (0.36) 0.69 (0.23) 0.39 0.53

p-value1 for the unadjusted model, p-value2 for multivariate model adjusting for age, gender, BMI, 
hypertension, LDL-cholesterol, smoking status, family history of cardiovascular disease (CVD) and 
accounting for clustering of genetic and/or environmental factors in families. LCAT is lecithin:cholesterol 
acyltransferase. NWI is normalized wall index, MWA is mean wall area, TWV is total wall volume, LA is 
lumen area, PC is plaque component. CCIMT is the mean common carotid intima media thickness. IMT is 
the average mean intima media thickness of the common, bulb and internal carotid arteries. 
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excellent agreement between MWT (MRI) and CCIMT (ultrasound), with an intraclass correlation 

coefficient of 0.91 (95%CI 0.86 – 0.94, p<0.001), and a mean paired difference of 0.01± 0.11 mm.

discussion

The present study shows that carriers of LCAT gene mutations exhibit increased carotid artery 

wall thickening as assessed by 3.0 Tesla MRI compared to age-matched controls. This finding 

bears clinical relevance since carotid artery wall thickening is associated with an increased risk 

of cardiovascular events.17,18 Whereas previous carotid ultrasound studies were unable to bring 

consensus on the impact of LCAT gene mutations on carotid atherosclerosis,10,11 the current 

MRI data lend support to the concept that decreased LCAT function, as a result of LCAT gene 

mutations, is associated with accelerated atherogenesis. 

The aim of our study was to test the hypothesis that decreased LCAT function is associated 

with accelerated atherogenesis. To this purpose, we investigated two parameters of athero-

sclerosis with MRI: arterial wall thickening, and presence of plaque components. First, the data 

show that the carriers of LCAT gene mutations have thickened carotid artery walls compared to 

controls with significant increases of NWI, MWA and TWV. These differences remained statisti-

cally significant after adjustments for age, gender, hypertension, LDL-c, BMI, smoking, family 

history of CVD and clustering of genetic and/or environmental factors in families. Second, 

carriers presented with a 32% increased prevalence of PC and 16.5 times larger total PC volume 

compared to controls. These are features of carotid artery plaques which have been associ-

ated with increased cardiovascular event rates.17, 18 Combined, these findings point towards 

Figure 1 Comparison of Carotid Atherosclerosis between Carriers of LCAT Gene Mutations and Controls
The mean and 95% confidence intervals for normalized wall index (NWI) measured by 3.0 Tesla MRI are 
shown for each group. p value is adjusted for age, gender, BMI, hypertension, LDL-cholesterol, smoking 
status, family history of CVD and clustering of genetic and/or environmental factors in families.
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accellerated atherogenesis in individuals with reduced LCAT function. We also assessed athero-

genesis by means of carotid ultrasound IMT measurements. Whereas IMT parameters tended 

towards an increase in carriers, the differences did not reach statistical significance. The latter 

most likely pertains to lack of power, as attested to by the significant MRI findings. In fact, we 

previously showed that the measurement variability of carotid 3.0 Tesla MRI is less compared 

to that of ultrasound IMT.12

Various studies have attempted to unravel the relation between LCAT function and CVD 

in humans. Recent genome wide-association studies (GWAS) revealed that LCAT correlates 

to HDL-c levels, but not to CVD risk.19, 20 The prevalence of single nucleotide polymorphisms 

(SNPs) in the population, however, is low and it is unknown if these SNPs actually affect LCAT 

function. Moreover, total variation in HDL-c explained by LCAT SNPs was very small. Therefore, 

GWAS may not be the most sensitive technique to detect a relation between LCAT and CVD. 

In cross-sectional studies in patients with either angiographically documented CAD or acute 

myocardial infarction, both decreased and increased LCAT activity  have been observed.21-23 

A recent prospective nested case-control study studied LCAT concentration in 2785 healthy 

subjects with a follow-up of 6 years.24 In this study, LCAT levels did not differ between cases 

and controls. However, since the variation of LCAT concentration in this population was small, a 

potential contribution of LCAT to CVD risk may have been overcome by other risk factors, such 

as diabetes mellitus, smoking, blood pressure, BMI and LDL-Two prior imaging studies have 

addressed the relation between LCAT and atherosclerosis in carriers of LCAT gene mutations 

using carotid IMT. Hovingh et al. showed that carotid IMT was significantly increased in the car-

riers,10 while Calabresi et al. showed the opposite with carotid IMT being significantly decreased 

in carriers.11 This apparent discrepancy may be explained by differences in the populations. The 

carriers in the current study and in Hovingh’s study predominantly had a different type of LCAT 

mutation than those in the study of Calabresi. Both in Hovingh’s as well as the present study, 

the vast majority of carriers of LCAT gene mutations exhibited loss of α-activity (LCAT activity 

on HDL), whereas Calabresi et al. predominantly investigated individuals with loss of function 

mutations of α- and ß-activity (LCAT activity on HDL and LDL). Accordingly, LDL-c levels in the 

current study were 23% higher compared to those in Calabresi’s study (127 mg/dl vs 103 mg/

dl respectively). In fact, the average LDL-c of the patients studied by Calabresi was on target of 

the National Cholesterol Education Program (NCEP) ATPIII guidelines. In fact, the absence of 

the primary trigger of atherosclerosis, that is increased LDL-c, in Calabresi’s study may be an 

important explanation why they did not observe increased atherogenesis in their familial LCAT 

deficiency patients. 

To date, it has been unclear how to monitor and treat carriers of LCAT gene mutations. 

Whereas ideally a prospective randomized controlled trial is required to settle this issue, this 

type of evidence is unlikely to become available given the rareness of the disease. Considering 

the present data combined with the fact that decreased levels of HDL-c are strongly associ-

ated with CVD risk, we propose to closely monitor as well as treat CVD risk factors in both 
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heterozygous as well as homozygous patients with LCAT gene mutations. The current study 

results support a distinct role of LCAT in atherogenesis. Whether this effect relates to the effects 

on HDL-c or to e.g. the anti-inflammatory properties25, 26 that are attributed to LCAT, cannot be 

determined by the current study.

limitations A limitation inherent to this type of small cohort studies is referral bias of the 

examined individuals. Carriers and family controls were recruited with the same method, 

while unrelated controls were recruited by advertisement. Nonetheless, related and unrelated 

controls were similar in terms of NWI, so it is unlikely that differences in recruitment methods 

introduced bias. Furthermore, we have attempted to minimize this effect by excluding patients 

with pre-existent CVD and included only carriers identified in families of which the probands 

were asymptomatic for CVD. These probands presented either with marked corneal clouding, 

or low HDL-c levels identified through (random) screening for CVD risk factors. 

conclusions The present study shows that carriers of LCAT gene mutations have increased 

carotid atherosclerosis compared to controls. Our data have two clinical implications. First, as 

carriers of LCAT gene mutations have experienced lifelong exposure to marked dyslipidemia 

and the current data suggest that they are at increased risk of developing atherosclerosis, close 

monitoring and treatment of CVD risk factors is advocated. Second, based on these data it is 

tempting to speculate that increasing LCAT activity is an interesting target to reduce cardiovas-

cular risk.27, 28
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aBstract

Carriers of a functional mutation in LCAT, encoding lecithin:cholesterol acyl transferase, are 

exposed to lifelong low high-density lipoprotein cholesterol levels. Whether LCAT mutation 

carriers have an increased risk of cardiovascular disease is under dispute. Since previous 

ultrasound studies of atherosclerosis were inconclusive, we investigated functional alterations 

in large arteries by measuring arterial stiffness by carotid-femoral pulse wave velocity. We 

hypothesized that arterial stiffness is increased in LCAT mutation carriers and is associated with 

carotid wall thickening. We assessed 45 carriers of LCAT mutations (mean age±SD 46±13 yrs) 

and 45 age-matched controls. Probands referred with established cardiovascular disease were 

excluded. In carriers, high-density lipoprotein cholesterol was lower (32±12 vs 59±16 mg/dl; 

p<0.0001) and triglycerides higher (median 116 [IQR 80-170] vs 71 [IQR 53-89] mg/dl; p<0.001) 

vs. controls. Pulse wave velocity was higher in carriers vs. controls (7.9±2.0 m/s vs 7.1±1.6 m/s; 

p<0.01).  This difference retained significance in multivariate analysis after adjustment for age, 

sex, mean arterial pressure and body mass index, and after exclusion of carriers and controls 

with cardiovascular disease. Both in carriers and controls, pulse wave velocity was correlated 

with wall thickening of the carotid arteries as assessed by ultrasound (R=0.50, p<0.001 for 

carriers and R=0.36, p<0.04 for controls) and 3.0 Tesla magnetic resonance imaging (R=0.54, 

p<0.001 for carriers and R=0.58, p<0.001 for controls). In conclusion, pulse wave velocity is 

increased in LCAT mutation carriers with high density lipoprotein cholesterol and is associated 

with carotid wall thickening. 
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introduction 

A low plasma level of high-density lipoprotein cholesterol (HDL-c) is a strong and indepen-

dent predictor of cardiovascular disease (CVD).1, 2 Carriers of mutations in LCAT, encoding 

lecithin:cholesterol acyl transferase, are exposed to lifelong low HDL-c levels. LCAT is a crucial 

enzyme in HDL-c metabolism produced in the liver and small intestine.3, 4 Upon secretion into 

the circulation, it associates predominantly with HDL where it esterifies free cholesterol using 

apolipoprotein A-I (apoA-I) as a cofactor4. Carriers of LCAT mutations have been reported to 

suffer from increased atherosclerosis, but this is disputed. In this respect, two ultrasound stud-

ies reached opposite conclusions, one study reporting increased intima media thickness (cIMT) 

in the carotid arteries of carriers as a surrogate outcome for atherosclerosis5 and the other 

reporting decreased IMT in carotid arteries of carriers compared controls.6 We have recently 

confirmed the findings of our earlier study by showing structural abnormalities in the carotid 

arteries of LCAT mutation carriers with low HDL-c compared to matched controls using both 

ultrasound and 3.0 Tesla magnetic resonance imaging of the carotid arteries (Duivenvoorden 

et al, JACC accepted 2011). Whether the observed atherosclerotic structural changes in LCAT 

mutation carriers are associated with functional alterations of large arteries is undetermined. 

Arterial stiffness is a strong and independent predictor of CVD.7-10  Pulse wave velocity (PWV), 

the gold standard of non-invasive measurement of arterial stiffness,11 has emerged as a novel 

biomarker for predicting cardiovascular mortality and morbidity.

We hypothesized that patients with LCAT gene mutations, with lifelong exposure to low 

HDL-c levels, would have increased arterial stiffness compared to healthy controls.  We therefore 

studied carotid-femoral PWV, in patients with LCAT gene mutations and age-matched controls. 

In addition to our primary study objective, we also examined the association between arterial 

stiffness and structural changes in large arteries by assessment of wall thickening of the carotid 

arteries using B-mode ultrasound (cIMT) and 3.0 Tesla magnetic resonance imaging (MRI).

methods

Study design and participants

The design of this study has been described in detail (Duivenvoorden et al, JACC accepted 

2011). In brief, the study was conducted at the Academic Medical Center in Amsterdam, The 

Netherlands from October 2008 to October 2009. The study protocol was approved by the local 

institutional review board and all subjects provided written informed consent. Patients molecu-

larly diagnosed with LCAT mutations were enrolled in this study, irrespective of their age and 

sex. In order to limit referral bias, we excluded family probands who were referred to our out-

patient clinic with clinically manifest CVD. For the control group, unaffected family members 

of the included carriers were asked to participate in the study, comprising first, second or third 



Ch
ap

te
r 3

40

degree family members or spouses. These controls were included if they could be individually 

matched for age to carriers. Because the number of family controls was insufficient the control 

group was complemented with unrelated controls recruited by advertisement. Family history 

of CVD, presence of cardiovascular risk factors, use of medication and alcohol were assessed. 

Presence of hypertension was defined as a systolic blood pressure (SBP) >140 mmHg, a diastolic 

blood pressure (DBP) >90 mmHg or use of antihypertensive medication.

Blood pressure and arterial stiffness

Participants visited the hospital after an overnight fast and were asked to refrain from smoking 

(if applicable) at least three hours before the visit. All measurements were carried out in supine 

position after 15 minutes rest in a quiet, temperature-controlled room. All hemodynamic 

measurements were performed by a single investigator (BvdB) who was blinded for the genetic 

status of the participants. Brachial blood pressure was measured 3 times at 1-minute intervals 

in supine position at the right arm after 15 minutes rest using a validated oscillometric device 

(Omron 705IT). The mean of the last 2 measurements was used for analysis. Measurements 

of carotid-femoral pulse wave velocity (PWV) were performed with the SphygmoCor system 

(Atcor Medical Pty Ltd, West Ryde, Australia). Pulse waveforms were recorded at the right 

carotid and femoral artery sequentially. Wave travel distance was calculated by subtracting 

carotid artery – suprasternal notch distance from suprasternal notch – femoral artery distance. 

Measurements were conducted in duplicate and means were used for analysis. 

Carotid ultrasound and magnetic resonance imaging 

Ultrasound scans of the carotid arterial wall were assessed as surrogate outcome for atheroscle-

rosis according to a standardized protocol.12 Values given are means of left and right common 

carotid artery, carotid bulb and internal carotid. Bilateral 3.0 Tesla (T) MRI scans of the carotid 

arteries were obtained as previously described (Duivenvoorden et al, JACC accepted 2011). 

Normalized wall index (NWI) represents mean vessel wall area normalized for the transverse 

size of the vessel, measured as the outer wall area. Carotid IMT and NWI were assessed during 

the same hospital visit as PWV.

Plasma lipids

Blood was obtained after overnight fasting and stored using standardized protocols. Plasma 

total cholesterol, HDL-c and triglyceride levels were analyzed using a commercially available 

enzymatic method (Westburg, USA) on a Cobas Mira autoanalyzer (Roche, Switzerland). Low 

density lipoprotein cholesterol (LDL-c) levels were calculated using the Friedewald equation. 

Statistical analysis

Data are expressed as means±standard deviations (SD), median (interquartile range [IQR]) or 

numbers and percentages where appropriate. Differences between carriers and controls were 



Arterial stiffness in LCAT deficiency 41

assessed by comparison of continuous data using independent t-tests for parametric data and 

Mann-Whitney for non-parametric data; chi-square test was applied to compare categorical 

data. Correlations are expressed as Pearson’s correlation coefficient (R). A multivariate model 

was used with generalized estimating equations in the SAS procedure GENMOD to account 

for potential confounders, i.e. age, gender, mean arterial pressure (MAP) and body mass index 

(BMI) and correlations within families due to clustering of genetic and/or environmental fac-

tors, using stepwise backward elimination. Statistical analyses were done using SPSS (Statistical 

Package for the Social Sciences) version 16.0 and SAS package version 9.1 (SAS Institute Inc., 

Cary, NC USA). The authors had full access to the raw data and take responsibility for its integrity.

results

Population characteristics

We studied 45 carriers of LCAT gene mutations from 15 families, all of Dutch descent, and 45 

age-matched controls of which 19 were family members and 26 were unrelated individuals. 

Of the carriers, 43 had one mutant LCAT allele, while 1 was homozygous for T147I and one 

was compound heterozygous for T147I and V333M. Both the homozygote and the compound 

heterozygote had previously presented with corneal opacification and HDL deficiency, without 

the presence of proteinuria, and had thus been diagnosed with fish eye disease (FED). 

table 1 Clinical characteristics of LCAT mutation carriers compared to unaffected controls 

LCAT mutation carriers matched controls p-value

n 45 45

Age, years 46 ± 13 45 ± 14 0.83

Male sex, n (%) 35 (78%) 29 (64%) 0.16

BMI, kg/m2 26.3±4.1 24.6±3.0 0.02

Smoking, n (%) 7 (16%) 5 (11%) 0.54

History of CVD, n (%) 6 (13%) 1 (2%) 0.05

Hypertension, n (%) 17 (38%) 13 (29%) 0.37

SBP, mmHg 135 ± 15 131 ± 13 0.12

DBP, mmHg 79 ± 9 77 ± 9 0.19

Statin users, n (%) 16 (36%) 1 (2%) <0.001

Total Cholesterol, mg/dl 172  ± 47 191 ± 35 0.05

LDL-c, mg/dl 125 ± 35 125 ± 35 0.75

HDL-c, mg/dl 32 ± 12 59 ± 16 <0.001

Triglycerides, mg/dl 116 [IQR 80-170] 71 [IQR 53-89] <0.001

Values are indicated as means ± SD or median [IQR] unless otherwise indicated. 
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Table 1 summarizes the demographic, lifestyle, and clinical characteristics of carriers and 

controls. Proper matching for age was achieved for carriers of an LCAT mutation and controls. 

The percentage of males did not differ between the two groups. On average, carriers had a 1.9 

kg/m2 higher BMI (p=0.02). More carriers had experienced cardiovascular events and received 

statin treatment than controls, and carriers tended to receive antihypertensive treatment more 

frequently than controls. Mean blood pressure was 135±15/79±9 mmHg for LCAT mutation 

carriers and 131±13/77±9 mmHg for controls (p=0.12/p=0.19). HDL-c levels in carriers of LCAT 

mutations were lower compared to controls (32±12 vs 59±16 mg/dl, p<0.001), while LDL-c 

levels were identical (125±35 mg/dl for LCAT carriers and 125±31 mg/dl for controls, p=0.65). 

Triglycerides were higher in carriers of LCAT mutations: 116 [IQR 80-170] mg/dl compared to 71 

[IQR 53-89] mg/dl in controls (p<0.001). 

Pulse wave velocity in carriers of LCAT mutations and age-matched controls

PWV was higher in carriers of a mutation in LCAT compared to controls, 7.9±2.0 vs 7.1±1.6 m/s 

(p<0.01), see Figure 1. In a multivariate regression model that adjusted for age, sex, MAP, BMI 

Figure 1 Carotid-femoral pulse wave velocity in carriers of an LCAT mutation and matched controls
Boxed values are means ± SD for PWV. *Difference retained significance in multivariate analysis, 
independent of age, sex, mean arterial pressure and BMI and correlations within families due to clustering 
of genetic and/or environmental factors, and also after exclusion of 6 matched pairs with members with a 
history of CVD.
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and family clustering, this difference retained statistical significance (p<0.01). After exclusion 

of matched pairs of which the carrier (n=6) and/or control (n=1) had suffered from CVD, the 

PWV of the 38 remaining carriers remained significantly higher compared to the respective 

matched controls (7.7±2.0 and 6.9±1.6 m/s, p<0.05). Again, this difference retained significance 

after adjustment for age, sex, MAP and family clustering in the multivariate regression model 

(p<0.01). PWV was not correlated with HDL-c in LCAT mutation carriers (R= - 0.05, p=0.75) or 

controls (R=0.13, p=0.41).

PWV and carotid wall thickening assessed by ultrasound and 3.0 T MRI

In a random set of 36 carriers and 36 controls individually matched for age, carotid wall thicken-

ing was assessed by ultrasound (cIMT) and by 3.0 T MRI scanning (Duivenvoorden et al, JACC 

Figure 2 Scatter plot of PWV to IMT (carotid ultrasound) and NWI (carotid MRI)
Figure 2a Carotid-femoral PWV plotted to carotid IMT 
Continuous line indicates correlation between PWV and cIMT in controls (open symbols; n=36), Pearson’s 
R=0.36 (p=0.04); Dashed line indicates correlation between PWV and cIMT in LCAT mutation carriers 
(closed symbols; n=36), Pearson’s R=0.50 (p<0.001).

table 2 Correlations of Carotid-Femoral Pulse Wave Velocity with Normalized Wall Index (MRI) and Carotid 
Intima Media Thickness (Ultrasound) in LCAT mutation carriers and controls

normalized Wall index (mri) carotid imt 
(ultrasound)

PWV LCAT mutation carriers (n=36)§ 0.54 (p<0.001) 0.50 (p<0.001)

PWV matched controls (n=36)§ 0.58 (p<0.001) 0.36 (p=0.04)

Values are Pearson’s correlation coefficients R, with respective p-values in brackets.
§ For 9 of 45 matched controls in which PWV was assessed, no MRI or ultrasound data were available. 
Respective matched carriers were excluded from correlation analysis, rendering 36 matched pairs.
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accepted 2011). Table 2 and Figure 2 show that PWV correlated well with both cIMT and carotid 

NWI obtained by MRI.

discussion

In this study we show that aortic pulse wave velocity is increased in LCAT mutation carriers 

compared to controls, indicative of increased arterial stiffness in these patients. This difference 

retained significance in multivariate analysis and after exclusion of patients with CVD. In addi-

tion to our primary study objective, this study also reveals a strong correlation between arterial 

stiffness and thickness of the carotid arterial wall as assessed by ultrasound (cIMT) and 3.0 T MRI.

Arterial stiffness in LCAT deficiency

The observed increase in arterial stiffness in LCAT mutation carriers might result from acceler-

ated atherosclerosis in these patients, which in turn might be caused by decreased reverse 

cholesterol transport from the vascular wall due to the impaired maturation of HDL. We did, 

however, not observe a correlation of PWV with HDL-c (not in carriers, nor in controls), although 

this might be explained by large standard deviations in both parameters and small group size. 

Supporting our observations of increased PWV in persons exposed to lifelong low HDL-c levels, 

PWV was previously found to be inversely related to HDL-c levels.13-15 In a population-based 

Figure 2 Scatter plot of PWV to IMT (carotid ultrasound) and NWI (carotid MRI)
Figure 2b Carotid-femoral PWV plotted to carotid NWI, assessed by 3.0 T MRI 
Continuous line indicates correlation between PWV and NWI in controls (open symbols; n=36), Pearson’s 
R=0.58 (p<0.001); Dashed line indicates correlation between PWV and NWI in LCAT mutation carriers 
(closed symbols; n=36), Pearson’s R=0.54 (p<0.001).
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study, 122 middle-aged subjects with low HDL-c levels had significantly higher PWV indepen-

dent of age, sex, physical activity and smoking status, compared to 795 subjects with normal 

HDL-c levels.13 In a cross-sectional study among postmenopausal women, HDL-c was also 

reported to be inversely and independently related to PWV.14 However, neither of these two 

studies adjusted for blood pressure, an important determinant of PWV.16 A recent population 

based study in China showed that, after correction for traditional cardiovascular risk factors 

including blood pressure, PWV was inversely correlated with HDL-c.15 In our study, LCAT muta-

tion carriers with low HDL-c levels exhibited increased PWV even after correction for blood 

pressure.  

We identified a slight increase in BMI in carriers. However, in multivariate analysis, BMI did 

not affect the relation between LCAT genotype and PWV. This is in accordance with a systematic 

review, indicating that risk factors other than age and blood pressure contribute only modestly 

to arterial stiffness.16

We can only speculate whether increasing HDL-c in LCAT mutation carriers would lead to 

reversal of increased arterial stiffness. In carriers of ABCA1 mutations, who also suffer from low 

HDL-c levels, endothelial function of the brachial artery as assessed by flow mediated dilation 

was reduced and infusion of reconstituted HDL-c (rHDL-c) restored endothelial function in 

these patients.17 Since endothelial function and arterial stiffness seem correlated,18 infusion of 

rHDL-c might improve arterial stiffness in LCAT mutation carriers.

Correlation of arterial stiffness to carotid wall thickening

We observed strong relationships between arterial stiffness and carotid wall thickness, as a 

measure of atherosclerosis. This is in line with previous observations in the general population,9 

hypertensive patients19 and in patients with type 2 diabetes mellitus.20. There is discussion 

about the nature of the relationship between arterial stiffness and atherosclerosis.21 Arterial 

stiffness might simply reflect the burden of atherosclerotic plaque in the arterial wall. However, 

the relationship might be causal: arterial stiffness might promote atherosclerosis by causing: 

1) increased wave reflection, leading to elevated central aortic systolic pressure and pulse 

pressure which in turn increases left ventricular work load and (2) altered hemodynamics and 

shear stress, stimulating the formation of atherosclerotic plaques. This first report of a strong 

relation between PWV and arterial wall thickness assessed by MRI underscores the interrelation 

between arterial stiffness and arterial wall thickening and fuels the discussion about the role of 

arterial stiffness in atherogenesis. Large prospective studies should further address the exact 

relationship between arterial stiffness and atherosclerosis.

strengths and weaknesses Several aspects of our study merit closer consideration. An 

important strength of our study is that LCAT mutation carriers were individually matched with 

controls and that LCAT mutation carriers who were referred to our outpatient clinic with a his-

tory of CVD to minimize potential referral bias. We only included carriers identified in families 
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of which the probands were asymptomatic for cardiovascular disease. Furthermore, the use of 

statins and antihypertensive medication is considerably higher in LCAT mutation carriers, and 

since both statins22-25 and antihypertensive drugs26 have shown to decrease PWV, the actual 

difference in PWV might even be larger between carriers and controls. 

Our study has the following limitations. First, compared to controls, carriers show increased 

levels of plasma triglycerides, a finding that has also been reported by others27 and which is 

possibly caused by increased de novo lipogenesis in the liver.28 However, in a recent population-

based study, PWV was not associated with triglycerides,15 making it unlikely that the increase in 

triglycerides contributes to the increased PWV in carriers. Secondly, since carriers had a higher 

BMI it is possible they might have lower levels of physical activity and higher fat intake. We did 

not assess this and therefore have not corrected for physical activity or diet.

Perspectives Since carriers of LCAT mutations characterized by low HDL-c levels have increased 

arterial stiffness compared to unaffected controls, we consider that this study supports close 

clinical monitoring of cardiovascular risk factors in carriers of LCAT mutations. Because PWV is a 

reproducible, non-invasive and readily applicable functional measure of arterial stiffness, it may 

be an useful method to assess and monitor the increased CVD risk in these patients. 

In addition to statins and antihypertensive medication, increasing HDL-c through lifestyle 

modifications or pharmacological treatment might also reduce arterial stiffness by improve-

ment of cholesterol efflux, reduction of inflammation or improvement of endothelial func-

tion.13, 29, 30 In future studies, it would be of interest to examine whether treatment specifically 

aimed at increasing HDL-c will affect arterial stiffness. Also, our data bolsters the notion that 

LCAT might be an interesting target to reduce cardiovascular risk and supports LCAT enhancing 

strategies currently evaluated in preclinical studies.31-33
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aBstract

objective A positive family history for premature coronary artery disease (CAD) is a risk factor 

for cardiovascular disease (CVD), independent from traditional risk factors. Therefore, currently 

used risk algorithms poorly predict risk in these individuals.  Hence, novel methods are needed 

to assess cardiovascular risk. Pulse wave velocity (PWV) might be such a method, but it is 

unknown whether PWV is increased in first degree relatives (FDRs) of patients with premature 

CAD.

design Observational case control study.

setting Academic hospital. 

Patients Patients with premature CAD and a positive family history for premature CAD (n=50), 

their FDRs without CVD (n=50) and unrelated controls (n=50).

interventions None

main outcome measures We assessed differences in PWV, using an Arteriograph system, 

between these groups by a generalized linear model and multinomial logistic regression.

results Patients with premature CAD had higher PWV compared to FDRs and controls 

(9.7±2.9m/s vs. 8.2±2.0m/s and 7.4±1.1m/s; p<0.05 patients versus all groups). Linear regres-

sion showed all groups related to PWV, with patients having the highest PWV and controls 

the lowest (p<0.0001). Furthermore, PWV was associated with FDRs (Odds Ratio (OR) 1.32 

(95% Confidence interval (CI) 1.02-1.72); p<0.05) and premature CAD (OR 1.72 (95% CI 1.32-

2.24);p<0.05) compared to controls. These findings were independent of blood pressure and 

other traditional risk factors.

conclusions Patients with premature CAD and their FDRs had higher PWV compared to 

controls, independent of other risk factors. This holds promise for the future, in which arterial 

stiffness might play a role in risk prediction within families with premature CAD. 
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introduction

A positive family history for premature coronary artery disease (CAD) is an important risk fac-

tor for cardiovascular disease (CVD) and is, in fact, independent from other risk factors.1-3 The 

associated risk increases further when relatives are affected at a younger age, with an odds 

ratio (OR) of 1.3 in individuals with relatives affected below 55 years, to OR’s of 10 and higher in 

individuals with relatives affected below 45 years of age.4, 5 

Whereas a positive family history for CVD identifies whole families at risk, it fails to identify 

which specific kindred are at risk within the family. This emphasizes the need to further refine risk 

among siblings in these families. Traditional risk score algorithms poorly predict cardiovascular 

risk in general, but even more in relatives of patients with premature CAD.6  The latter reflects 

the fact that these subjects are referred for cardiovascular risk evaluation at a relatively younger 

age, whereas in the traditional risk score algorithms age is the most potent factor determining 

CVD. In addition, risk score algorithms use markers of risk in stead of identifying disease it self. 

Therefore, investigators keep on searching for practical tools for assessing subclinical disease, 

to identify subjects with early onset CVD. 

Pulse wave velocity (PWV), the gold standard of arterial stiffness,7 has emerged as a novel 

biomarker for predicting cardiovascular mortality and morbidity, independent from traditional 

cardiovascular risk factors.8 Overall, arterial stiffness only poorly predicts cardiovascular risk, 

which may relate to the heterogeneity of the studied populations. Interestingly, a recent 

prospective trial concluded that PWV measurement could be particularly useful in younger 

individuals with a genetic predisposition for CVD.9 To date, this hypothesis has not been tested. 

In the present study, we therefore evaluated whether “healthy” first degree relatives (FDRs) 

without overt CVD of patients with premature CAD are characterized by an increased PWV 

compared to controls with a negative family history for CVD. To test this, we assessed PWV in 

patients with premature CAD, their FDRs and unrelated controls.

methods

Study design

We recruited 50 patients with premature CAD with a positive family history of premature CVD. 

Hereby, we were able to select a population of individuals with a genetic predisposition for 

CVD. In the families of these participants, we also recruited 50 FDRs without overt CVD. In addi-

tion, we recruited 50 unrelated controls without overt CVD. We matched for gender and age.

The primary objective of the study was to evaluate whether there are differences in PWV 

between patients with premature CAD, their FDRs and controls. The secondary objectives were 

to explore the association between PWV and patients with premature CAD and their FDRs with 

and without adjustment of possible confounders.
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In all groups we assessed traditional risk factors for CVD according to the standard proce-

dures in our hospital. For the FDRs and controls, we assessed Framingham Risk Score. The FDRs 

and controls were not allowed to have a past history of CVD and were excluded if they had any 

symptoms of CVD, which was both assessed by a standardized questionnaire. Furthermore, 

controls were not allowed to use any medication and they were not allowed to have a positive 

family history for CVD. Furthermore, we assessed coronary calcium (CAC) scores in the FDRs, to 

evaluate subclinical atherosclerosis. To further minimize the influence of other cardiovascular 

risk factors, individuals in all groups were excluded if they had severe hypertension (>180/110 

mmHg), diabetes mellitus or known familial hypercholesterolemia. Individuals were excluded if 

they were under the age of 18 years, if they were unable to give informed consent or in case of 

pregnancy or lactation. This work was conducted in accordance to the Declaration of Helsinki. 

All participants gave written informed consent and the study was approved by the local Insti-

tutional Review Board.

Definitions

CAD was defined as an acute myocardial infarction or coronary artery disease, needing revas-

cularization by percutaneous coronary intervention (PCI) or coronary artery bypass grafting 

(CABG). Premature CAD is usually defined as an event occurring before the age of 55 years in 

men and 60 years in women.10 To increase the likelihood of including families with a genetic 

predisposition for CVD, the age limits were lowered to 41 years in men and 46 years in women. 

For the same reasons, the age limits for family history were also lowered. A positive family his-

tory was defined as ≥ 1 first degree and/ or ≥ 2 second degree family members with CVD before 

the age of 51 years in men and 56 years in women, in line with the GENECARD definition, found 

in the literature.10 CVD was defined in the same matter as CAD, with the extension of strokes 

and peripheral artery disease necessitating percutaneous transluminal angioplasty or bypass 

surgery.  

Hypertension and hypercholesterolemia were defined in patients as the use of blood pres-

sure or cholesterol lowering medication before the first event or, in case of a FDR, as medication 

use at the time of the study visit.  Blood pressure lowering medication use was defined as the use 

of beta-blockers, calcium antagonists, angiotensin converting enzyme inhibitors, angiotensin II 

receptor antagonists or diuretics. In  individuals who did not use medication, hypertension was 

defined as a blood pressure above 140/90 mmHg in rest and hypercholesterolemia as a fasting 

total cholesterol above 6.2 mmol/L, as defined by the Third Report of the National Cholesterol 

Education Program.11 Smoking was defined as current smoking or past smoking ≤ 5 years ago.

Pulse wave velocity

Participants visited the hospital after an overnight fast and were asked to refrain from smoking 

at least 8 hours before the visit. All measurements were performed in supine position after 

15 minutes rest in a quiet, temperature controlled room. Arterial stiffness was assessed using 
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the Arteriograph system (Tensiomed Kft. Budapest, Hungary), which shows close correlation 

with the widely used Sphymocor system.12 The Arteriograph is an operator independent non-

invasive device, which uses oscillometric pressure curves registered by an upper arm blood 

pressure cuff to determine blood pressure and PWV as described and validated previously.13, 14 

In short, PWV measurements are performed when cuff pressure exceeds systolic blood pressure 

by 35–40 mmHg, with a completely occluded brachial artery. The measurement is based on 

the fact that during systole, blood volume ejected into the aorta generates a pulse wave, the 

so-called ‘early systolic peak’. As this pulse wave runs down the periphery, it reflects from the 

bifurcation of the aorta, creating a second wave the ‘late systolic peak’. Return time of the pulse 

waves was calculated as the time difference between the first and the reflected systolic wave. 

PWV is calculated from this transit time and the distance travelled by the pulse wave. Estima-

tion of the distance travelled by the pulse wave (from the heart to the bifurcation and back), is 

based on measuring the distance between the sternal notch and the pubic symphysis using a 

tape measure. PWVs were recorded as continuous data. Also, the percentage of individuals with 

a PWV above 12 m/s was assessed among the groups, which is comparable with subclinical 

organ damage according to the 2007 European Society of Hypertension Guidelines.15

Coronary artery calcification

In all FDRs we performed a coronary computed tomography (CT) to assess the presence of 

coronary lesions through CAC. All CT’s were performed using a 64-slice multidetector CT scan-

ner (Philips Medical Systems, Best, the Netherlands). The scanning protocol was as follows: 

tube voltage, 120 kV; tube current, 55 mAs; detector collimation, 40 × 2.5 mm; gantry rotation, 

420 ms. Data was transferred to a post processing workstation (Extended Brilliance Workplace, 

Philips Medical Systems). We recorded CAC for the main arteries, the total score was calculated 

by summing lesion scores of all sections. We evaluated CAC according to Agatston16 and 

expressed further as age/sex percentiles. FDRs were divided in two groups, according to the 

results of the CAC. A score above the 80th percentile was considered as abnormal, consistent 

with literature,17 lower scores as normal.

Statistical analyses

Sample size was calculated via a pilot study, where we found a difference in PWV between 

patients and controls of 1.3 ± 2.1 m/s. Using a power of 0.80 and a p-value of 0.05, a calculated 

sample size of 48 individuals was needed in each group.

Differences in baseline characteristics were assessed between the three groups by using 

chi-square tests (in case of proportions), or ANOVA (in case of continuous data) and individual 

group comparison was done by Fisher’s Least Significant Difference (LSD) correction. Associa-

tion of PWV as a continuous variable with the different groups was assessed in two different 

manners. First, we computed OR’s using multinomial logistic regression, considering the PWV, 

as a continuous variable and the different groups as outcome. In this analysis, all FDRs were 
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used as one group. We adjusted the crude model (model 1) for age and sex (model 2) and 

finally, for other confounders such as hypercholesterolemia, smoking and systolic blood pres-

sure (model 3). We corrected for systolic blood pressure, since PWV is directly dependent on the 

blood pressure during the measurement.18 Furthermore, we corrected for factors, which dif-

fered significantly among the groups. In this model, we used the controls as reference category. 

Secondly, we performed a generalized linear model, which considers the different groups as 

variable and the PWV as outcome measure. To test whether there were differences in PWV in 

FDRs according to the CAC score, we performed a multinomial logistic regression in the same 

manner as stated above, but now dividing the FDRs in two groups: one with CAC scores above 

the 80th percentile and one with CAC scores below this point. Finally, to assess influences of 

family relations, we analyzed our data in a mixed model, where family relation was included as 

a paired variable. This had no influence on the outcome and the results remained similar (data 

not shown). A p-value <0.05 was considered statistical significant. Data were analysed using 

SPSS software version 16.0 (SPSS Inc., Chicago, Illinois, USA).

results

Baseline characteristics

Characteristics of the participants are listed in table 1. The groups were well matched for both 

age and sex. We found that FDRs were more often smokers (38% vs 20%; p<0.05), had higher 

total cholesterol (TC) levels (5.4±0.9 mmol/L vs 5.0±0.8 mmol/L; p<0.05), and higher low density 

lipoprotein cholesterol (LDL-c) levels (3.5±0.9 mmol/L vs 3.1±0.7 mmol/L; p<0.05) compared 

to controls. The Framingham Risk Score was somewhat higher in FDRs compared to controls, 

but did not reach statistical significance. Patients with premature CAD had higher glucose 

levels (5.5±0.8 mmol/L vs 5.2±0.7 mmol/L and 5.1±0.4 mmol/L; p<0.05), lower TC levels (4.2±1.0 

mmol/L vs 5.4±0.9 mmol/L and 5.0±0.8 mmol/L; p<0.05), lower LDL-c levels (2.2±0.7 mmol/L 

vs 3.5±0.9 mmol/L and 3.1±0.7 mmol/L; p<0.05) and higher triglycerides (2.1±3.8 mmol/L vs 

1.1±0.6 mmol/L and 1.0±0.5 mmol/L; p<0.05) compared to FDRs and controls. The patients also 

used more often antihypertensive and cholesterol lowering medication, mostly for secondary 

prevention reasons.   

With regard to blood pressure, the systolic blood pressure was comparable between the 

groups (patients 131±19 mm±11 mmHg; controls 125±16 mmHg). The diastolic blood pressure 

was higher in patients compared to controls (85±10 vs 80±10 mmHg; p<0.05). 

Unadjusted PWVs of FDRs did not significantly differ from controls (8.2±1.9 m/s vs. 7.5±1.2 m/s), 

whereas patients had higher PWVs compared to FDRs and controls (9.6±2.9 m/s vs. 8.2±1.9 m/s 

and 7.5±1.2 m/s; p<0.05).
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Association between PWV and the different groups

In the multinomial logistic regression, PWV was positively associated with both patients (OR 

1.72 (95% confidence interval (CI) 1.32-2.24); p<0.05) and FDRs (OR 1.32 (95% CI 1.02-1.72); 

p<0.05) compared to controls (figure 1 and table 2). This association retained statistical signifi-

cance after adjustment for confounders (model 2 and 3). PWV was also positively associated 

with patients compared to all FDRs (OR 1.30 (95% CI 1.08-1.57); p<0.05). Again, this association 

remained after adjustment for confounders. These findings were confirmed in the linear regres-

sion analysis, which showed all three groups to be linearly related to PWV (p<0.0001, data not 

shown).

table 1 Baseline characteristics of the participants

Controls 
(n=50)

FDRs
 (n=50)

Patients with CAD 
(n=50)

Age, years 45.6 ± 6.6 45.6 ± 7.9 46.0 ± 3.6

Male gender, n (%) 27 (54) 27 (54) 27 (54)

Smoking, n (%) 10 (20) 19 (38) * 28 (56) *

SBP, mmHg 125.2 ± 15.6 129.7 ± 11.3 130.7 ± 18.5

DBP, mmHg 79.4 ± 9.9 82.6 ± 8.8 84.8 ± 10.4 *

BMI, kg/m2 23.0 ± 4.4 23.7 ± 3.9 24.4 ± 5.0

Glucose, mmol/L 5.1 ± 0.4 5.2 ± 0.7 5.5 ± 0.8 *†

Total cholesterol, mmol/L 5.0 ± 0.8 5.4 ± 0.9 * 4.2 ± 1.0 *†

HDL-c, mmol/L 1.5 ± 0.4 1.4 ± 0.4 1.2 ± 0.3 *†

LDL-c, mmol/L 3.1 ± 0.7 3.5 ± 0.9 * 2.2 ± 0.7 *†

Triglycerides, mmol/L 1.0 ± 0.5 1.1 ± 0.6 2.1 ± 3.8 *†

Creatinine, mmol/L 72.9 ± 11.2 72.5 ± 11.9 70.7 ± 13.6

Hypertension, n (%) 0 (0) 6 (12) 10 (20) *

Hypercholesterolemia, n (%) 0 (0) 7 (14) * 11 (22) *†

Framingham Risk Score 2.3 (1.2; 3.3) 3.2 (1.2; 4.8) -

Medication use

   Antihypertensive, n (%) 0 (0) 5 (10) 46 (92) *†

   Cholesterol lowering, n (%) 0 (0) 6 (12) 46 (92) *†

PWV, m/s 7.5 ± 1.2 8.2 ± 1.9 9.6 ± 2.9 *†

PWV >12 m/s, n (%) 0 (0) 3 (6) 10 (20) *†

* p<0.05 compared to controls; † p<0.05 compared to FDRs; 
FDRs=first degree relatives, BMI=Body mass index, LDL-c=Low density lipoprotein cholesterol, HDL-
c=High density lipoprotein cholesterol, SBP=systolic blood pressure, DBP=diastolic blood pressure, 
PWV=pulse wave velocity.
Continuous data are expressed as mean ± standard deviation expect for Framingham which is expressed 
as median (25th; 75th percentiles), categorical data as absolute numbers with (percentages).
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Association between PWV and different groups according to CAC results

Assuming a hereditary component in the families, the FDRs might consist of individuals which 

have and which have not inherited the genetic defect. Since we do not know the specific defect 

in the families, we chose to evaluate subclinical atherosclerosis via CAC. After dividing the 

FDRs in a group with high and group with normal CAC score, we found that 34% (n=17) of all 

FDRs had a high CAC score (above the 80th percentile). In the multinomial logistic regression, 

we found that PWV was positively associated with both patients (OR 1.72 (95% CI 1.32-2.24); 

p<0.05) and FDRs with high CAC (OR 1.49 (95% CI 1.09-2.04); p<0.05), compared to controls 

(table 3). Furthermore, we found that PWV was positively associated with patients (OR 1.41 

(95% CI 1.11-1.79); p<0.05) compared to FDRs with normal CAC). This association remained 

after adjustment for confounders. 

 
 



 
Figure 1 
Association of PWV with the different groups, assessed by multinomial logistic regression.

table 2 Multinomial logistic regression to assess the relation between PWV and patients, FDRs and 
controls

Group Controls FDRs Patients with CAD

PWV Model 1
Model 2
Model 3

1.00
1.00
1.00

1.32 (1.02-1.72) *
1.38 (1.04-1.83) *
1.51 (1.05-2.17) *

1.72 (1.32-2.24) *†
1.91 (1.43-2.57) *†
2.18 (1.49-3.19) *†

* p<0.05 compared to controls; † p<0.05 compared to FDRs
Controls are used as reference
Model 1: Crude; Model 2: adjusted for age and sex; Model 3: additionally adjusted for 
hypercholesterolemia, smoking, hypertension and systolic blood pressure. FDRs=first degree relatives, 
PWV=pulse wave velocity.
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discussion

In this prospective case control study, we show that PWV is increased in both patients with 

premature CAD as well as in FDRs without overt cardiovascular disease. These data imply that 

apparently healthy asymptomatic FDRs of patients with premature CAD display features of 

stiffened arteries at a relatively young age, suggesting established vascular damage. 

The increased PWV in FDRs of patients with premature CAD is in agreement with previous 

studies showing signs of subclinical atherosclerosis in individuals with a positive family history 

for CAD. Thus, in 1,662 subjects a family history for early-onset premature CAD was shown to 

be independently correlated with carotid intima media thickness, whereas family history of 

late-onset CAD was not.19 Others studies confirm these findings with regard to intima media 

thickness, not only in adults20 but even in children with a positive family history.21 Previous 

studies have also shown that coronary artery calcium scores were associated with a positive 

family history for CAD.22 

With respect to the patients with premature CAD, it is know that various conditions such 

as hypertension,23 end-stage renal disease24 and diabetes25 are associated with the develop-

ment of arterial stiffness. The FDRs had a higher prevalence of classic risk factors compared 

to controls, which are also associated with an increased PWV. However, the Framingham Risk 

Score was comparable and after correction for classic risk factors in relatives and patients, PWV 

remains higher, which could indicate a specific hereditary component.

In recent years, the genetic component of CAD had much attention. Via genome wide 

association studies, several candidate genes were pointed out associated with CAD.26 The 

responsible pathway for these genes is mostly unknown, but accelerated arterial stiffening 

could be a possible mechanism. In line, the impact of heritable factors on PWV has recently 

been confirmed,27 but it is unknown whether PWV plays a role in familiar CVD. More research 

is needed in this field.

The striking elevation of PWVs - up to 15 m/s – in these apparently “healthy” individuals with 

a genetic predisposition for premature CAD, could imply a causal role in the development of 

table 3 Multinomial logistic regression to assess the relation between PWV and patients, FDRs with and 
without high CAC score and controls.

Group Controls FDRs Patients

Normal CAC Abnormal CAC

PWV Model 1
Model 2
Model 3

1.00
1.00
1.00

1.23 (0.91-1.65)
1.31 (0.96-1.79)
1.46 (0.99-2.14)

1.49 (1.09-2.04) *
1.53 (1.08-2.17) *
1.61 (1.02-2.54) *

1.73 (1.33-2.26) *†
1.92 (1.43-2,58) *†
2.18 (1.49-3.19) *†

* p<0.05 compared to controls; † p<0.05 compared to FDRs with normal CAC
Controls are used as reference
Model 1: Crude Model; Model 2: adjusted for age and sex; Model 3: additionally adjusted for 
hypercholesterolemia, smoking and systolic blood pressure
Abbreviations as in table 2; CAC=Coronary artery calcification.
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premature CAD. Therefore, PWV measurements might be a practical tool for risk assessment, 

since the classic risk factors fail to do so in this particular high risk subset of individuals.6 Indeed, 

a previous study found that a high PWV, in subjects with a low SCORE risk (<5%), was a strong 

predictor for cardiovascular events,9 suggesting a better risk prediction by PWV in these indi-

viduals. Furthermore, another study showed the same disagreement between Framingham risk 

score and PWV, in which the highest predictive value of PWV for CAD was found in subjects 

with a low Framingham risk.28 This implies that PWV is particularly useful in younger subjects, 

since age is the major contributor is these models. Whether PWV is indeed a good predictor of 

premature CAD in these relatives needs to be confirmed in prospective trials.

The limitations of our study merit some consideration. A major limitation of this study is that 

we do not have follow-up data to establish the true predictive value of PWV in FDRs of patients 

with premature CAD.  A second limitation was that, assuming a hereditary component in the 

families, the FDRs probably consisted of individuals which have and which have not inherited 

the genetic defect. This could be the reason of the large distribution in this group. Ideally, there 

would be a method to test for the unknown genetic defect. Separating the FDRs in a group with 

and a group without the genetic defect could increase the association with PWV in FDRs with 

a genetic defect.

We have tried this substitute this by performing a CAC score. Prospective follow-up stud-

ies show that CAC predicts cardiovascular events, independent of other risk factors,29, 30 also 

the elevated CAC score is highly abnormal in these young individuals. Taking into account the 

logistic regression, the association with PWV increases in the FDRs with abnormal CAC, while 

it decreases in the group with normal CAC, compared to analyzing the FDRs as one group. 

However, we do not know whether the increased familial risk in FDRs co-segregates with an 

elevated CAC score. 

In conclusion, we found that FDRs without overt CVD of patients with premature CAD had 

higher PWV compared to unrelated controls, independent of other risk factors. Interestingly, 

a high PWV was related to FDRs with high CAC scores, while it was not in FDRs with a normal 

CAC score. This holds promise for the future, in which arterial stiffness could play an important 

role as risk prediction within families with premature CAD. However, to be able to evaluate the 

prognostic value of PWV, prospective studies in families with premature CAD are needed.
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aBstract

Background Fabry disease is an X-linked hereditary lysosomal storage disorder due to a 

deficiency of α-galactosidase A causing intralysosomal accumulation of globotriaosylceramide 

(Gb3) in various cell types. Apart from accumulation of Gb3, increased plasma levels of globo-

triaosylsphingosine (lysoGb3) have been detected. Clinically, the disease presents as a vascular 

disease, with cerebral, cardiac and renal complications. The aim of this study was to compare 

vascular parameters in patients with Fabry disease and study the relationship with plasma 

lysoGb3.  

methods Carotid intima media thickness (IMT), brachial flow-mediated dilation (FMD),  pulse 

wave velocity (PWV), and advanced glycation end products (AGES) were measured in 57 clas-

sically affected patients (22 males, 35 females),and 55 healthy matched controls (20 males, 35 

females). In addition, 10 atypical Fabry patients (5 males, 5 females) without elevated plasma 

lysoGb3 levels were investigated. Most patients received enzyme replacement therapy (ERT). 

results Comparing classical Fabry males to matched unaffected controls, brachial FMD was 

decreased, (4.7 (0.8-17.4) % versus 5.8 (1.9-13.6) %, p=0.016) and carotid IMT was increased (0.65 

(0.43-0.96) mm vs 0.60 (0.39-1.09) mm, p=0.022). PWV and the AGES did not differ. In females 

with classical disease and atypical patients IMT, FMD and PWV were not different compared to 

controls, although the AGES were slightly increased in atypical patients. Clinically, IMT thickness 

was associated with cerebral white matter lesions and stroke (OR 4.0 (95% CI: 1.8-9.1) per 0.1 

mm increase in IMT, p<0.001). In classically affected females, a small increase in lysoGb3 was 

associated with an increase in IMT independent of age. In the classically affected males, all with 

increased IMT and high levels of plasma lysoGb3 (median 24 (range 7-87) nM), lysoGb3 levels 

did not add to a higher IMT, suggestive for a ceiling effect. Similarly for FMD, in both classically 

affected males and females, elevated lysoGb3 levels (> 7 nM) contributed to a 2.9% lower FMD 

independent of age and gender (p=0.02). 

conclusion Increased carotid IMT and decreased brachial FMD occur in patients with classic 

Fabry disease, particularly in males, indicating increased cardiovascular risk. Increased plasma 

lysoGb3 is associated with increased IMT and decreased FMD independent of age and gender. 

These observations still exist despite ERT. 
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introduction

Fabry disease is an X-linked hereditary lysosomal storage disorder due to a deficiency of 

α-galactosidase A. Its distribution is panethnic, with an estimated birth prevalence of 1:40,000-

117,000,1, 2 although recent screening studies suggest higher prevalence rates.3, 4 The primary 

cause of disease is a deficient activity of the lysosomal alfa-Galactosidase A (alfa-galA, EC 

3.2.1.22). Due to this, globotriaosylceramide (Gb3, also named GL-3 or CTH) is stored in various 

cell types, especially endothelial cells. Clinically, the disease presents as a vascular disease, with 

gradual development of white matter lesions in the brain, cardiac hypertrophy, and progres-

sive kidney disease. Premature coronary artery and cerebral artery disease were found in the 

NIH cohort,5 but this has not been confirmed in other studies.6, 7 Interestingly, a proportion of 

female carriers with alfa-Galactosidase A deficiency also develop disease, albeit with a more 

protracted course. The chronic presence of a large amount of endogenous circulating alfa-

Galactosidase A enzyme is apparently unable to correct the lack of enzyme in those cells that 

only express the mutated allele. Even more intriguing, atypical variants of Fabry disease can be 

discerned, consisting of individuals with more subtle alfa-Galactosidase A abnormalities result-

ing in an atypical course with limited manifestations such as primarily cardiomyopathy or renal 

insufficiency.8-11 The latter group of individuals constitutes a major problem in diagnosis, which 

is solely based on the demonstration of a predicted amino acid substitution as revealed by the 

gene analysis and/or detection of reduced enzyme activity in assays using artificial substrates. 

In these individuals, there may be an absence of elevated levels of Gb3 in urine and Gb3 and 

globotriaosylsphingosine (lysoglobotriaosylceramide – lysoGb3) in plasma, which questions 

the relationship between storage and symptomatology in these patients.  

Since 2001 enzyme replacement therapy (ERT) has become available. Two commercial 

products, agalsidase alfa and agalsidase beta, have shown to reduce cardiac mass, reduce pain, 

improve quality of life and stabilise kidney function in some patients with preserved renal func-

tion.12-14  However, despite reduction in endothelial Gb3 storage as a result of therapy, disease 

progression does occur, 15-17 suggesting another mechanism causing vasculopathy.18 The 

pathogenesis of the vasculopathy in Fabry disease is, however, poorly understood.19 Abnormal 

functional control of the vessel, reflected by an altered cerebral blood flow velocity, the pres-

ence of endothelial dysfunction as well as an increased prothrombotic state with the formation 

of reactive oxygen species have all been suggested to underlie the vasculopathy.20, 21 

Fabry patients show an increased IMT of the common carotid, brachial and radial artery 

compared to controls.6, 22-24 Flow mediated dilation (FMD), a measure of endothelial dysfunc-

tion, is impaired in Fabry disease.23 Furthermore, Fabry patients prior to ERT treatment were 

found to have an increased pulse wave velocity (PWV), a measure of aortic stiffness.24  Recently 

accumulation of advanced glycation end products (AGES) have been reported as marker of car-

diovascular disease in individuals with an increased IMT and patients at risk for cardiovascular 
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complications25-28 but  not yet in Fabry disease. None of these vascular measures have been 

studied in relation to other clinical symptoms beside left ventricular hypertrophy.29 

A potential pathogenic factor in the vasculopathy may be lysoGb3, a water-soluble lipid 

which was recently found to be highly elevated in plasma of classically affected Fabry patients. 

This lipid was shown to stimulate smooth muscle cell proliferation in vitro.30 Therefore lysoGb3 

might contribute to the reported increased IMT in Fabry patients. 

The primary aim of the study was to compare carotid IMT, FMD, PWV, and AGES in patients 

with Fabry disease to healthy matched controls. We evaluated how these parameters of vascu-

lar damage relate to disease severity and clinical parameters, including, gender, age, treatment 

status, the extent of renal dysfunction and the presence of brain lesions and left ventricular 

hypertrophy. The second aim of the study was to investigate the hypothesis that an increase in 

plasma lysoGb3 levels is associated with increase in IMT. 

methods

Study design and participants

All patients with a confirmed diagnosis of Fabry disease that were scheduled for a regular 

follow-up visit at the outpatient clinic were invited to participate in the study from March 

2009 through July 2010. The diagnosis was confirmed by decreased enzyme-activity in males 

and genotyping in both males and females. As has been reported previously, patients with 

the R112H and P60L substitutions are considered to be atypical Fabry patients based on their 

atypical course of disease and apparent lack of lipid abnormalities.30, 31 Exclusion criteria were 

diabetes mellitus, primary dyslipidemia, or other relevant comorbidity. The participating 

patients were matched with healthy controls for age, gender, and smoking status. Healthy 

controls were recruited by asking the patients to bring a relative with an excluded diagnosis 

of Fabry disease or friend. Additional controls were recruited by advertisement. Participants 

were instructed to fast overnight and refrain from smoking. In all participants a full medical 

and family history was obtained including questions regarding cardiovascular disease through 

a standardized questionnaire. Blood pressure was measured using a validated automatic oscil-

lometric device (Omron 705it). For the pulse wave velocity measurement blood pressure was 

measured three times on the right arm. The first measurement was discarded, and the average 

of the latter two measurements was used for analyses. A history of hypertension was defined 

as a previous diagnosis of hypertension (a systolic blood pressure (SBP) ≥140 mmHg and/ 

or a diastolic blood pressure (DBP) ≥90 mmHg in three consecutive measurements) with an 

indication for antihypertensive medication. The estimated glomerular filtration (eGFR) rate was 

calculated by the abbreviated MDRD equation.32 In the Fabry patients, data on left ventricular 

mass (LVM), cerebral white matter lesions (WMLs), and stroke were available as part of ongoing 

data collection. Left ventricular hypertrophy in males was defined as LVM >51 g/m2.7 in males 
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and >48 g/m2.7 in females 33. A WML was diagnosed by a neuroradiologist on T2 weighted MRI 

images. All patients gave written informed consent according to the protocol approved by the 

institutional review board.

Laboratory assessments

Creatinine, glucose, and total cholesterol profile (TC, HDL-c, LDL-c and triglycerides) were 

assessed. In Fabry patients, lysoGb3 levels in plasma were measured with a newly developed 

method based on tandem mass spectrometry with isotope labeled lysoGb3 as internal standard.

Measurements

Intima-media thickness. For cIMT measurements, bilaterally non-invasive ultrasound images of 

predefined arterial wall segments of the right and left common carotid artery, the carotid bulb, and 

the internal carotid artery were acquired. cIMT was defined as the average of the six cIMT measure-

ments. M-mode images were acquired to provide data on arterial wall stiffness and lumen in the 

distal common carotid arteries. The image analyst was blinded for the clinical and genetic status of 

the subject. The assessments were performed by the echo core lab of the AMC Vascular Imaging. 

Flow mediated dilatation. Assessment of brachial FMD was performed as described previously.34 

A blood pressure cuff was placed around the right forearm. The scan followed a standard proto-

col: Brachial artery diameter at the level of the antecubital crease was measured for a period of 1 

minute, followed by 5 minutes of occlusion. To minimize intrasession variance, the measurement 

arm was stabilized using a custom-built ultrasound probe holder/ arm rest. FMD was expressed at 

each examination as (lumen diameter after ischemia -diameter at baseline)/diameter at baseline. 

Pulse wave velocity. To determine the pulse wave velocity (PWV), pressure waveforms were 

recorded at the carotid and femoral artery sequentially. Wave transit time was calculated by the 

SphygmoCor (version 8, AtCor) system software, using the R wave of a simultaneously recorded 

ECG as a reference frame. Surface distance between the two recording sites was measured, thus 

allowing PWV to be determined. The measurements were done twice on the right side of the 

subject and the average of the two measurements was used for analyses. 

Advanced glycation end products. Skin auto-fluorescence (AF) was measured with the AGE 

Reader (DiagnOptics Technologies BV, Groningen, The Netherlands).35 Measurements were 

performed at the volar site of the forearm, in a semi dark environment, preventing surrounding 

light from interfering with the measurement. 

Statistical analysis

Values are expressed as median (range) or mean±standard deviation (SD). Comparison between 

groups was made by using the Mann-Whitney-test or the Kruskal-Wallis test where applicable. 
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Univariate, multiple linear regression, and logistic regression were applied to determine the 

association between the vascular outcome parameter, lysoGb3, and clinical disease manifesta-

tions. These analyses were adjusted for other cardiovascular risk factors, including age, gender, 

BMI, smoking status, a history of hypertension, SBP and DBP, TC/HDL-c ratio, and LDL-c. The 

predictors and their interaction terms were tested and kept in the model if significant at p=0.05. 

Model fit was assessed by the coefficient of determination (R2). Previously,  the impact of life-

time exposure to elevated plasma lysoGb3 on clinical manifestations in Fabry patients has been 

investigated.31 For this purpose, life-time exposure to plasma lysoGb3 was assessed as follows: 

age at baseline x lysoGb3 at baseline + years of ERT treatment x lysoGb3 at the time of the 

evaluation.  As part of a sensitivity analysis, multiple imputation for missing values for FMD and 

PWV data was performed, using age, gender and subgroup as well as blood pressure for PWV 

as predictor variables, which led to the same conclusions (data not shown). A p-value <0.05 was 

considered statistically significant.  Statistical analyses were performed with SPSS 17.0. 

Patients and measurements

In total, 57 adult Fabry patients (22 males, 35 females) with a classical mutation in the alfa-

galactosidase A gene were investigated. In addition, 10 individuals with the R112H (3 males, 3 

females) and the P60L substitution (2 males, 2 females) were included. The Fabry cohort was 

matched with a healthy control group of 20 males and 35 females. At the time the measurements 

were performed, 42 out of 57 classically affected patients and 2 atypical patients received ERT; 

agalsidase alfa 0.2 mg/kg/2 weeks (n=17) or agalsidase beta (n=27). Of the patients receiving 

agalsidase beta, 11 patients received a dosage of 1.0 mg/kg/2 weeks,  3 patients received a dos-

age of 0.2 mg/kg/2 weeks as prescribed as part of a previous trial15 and 13 patients temporarily 

received a dosage ranging from 0.25 up to 0.50 mg/kg/ 2 weeks due to the global shortage.36 

Baseline characteristics are reported in table 1. PWV data were available for 76% of the par-

ticipants (40 classical Fabry patients, 8 atypical patients and 45 controls). The main reason for 

unsuccessful PWV measurements was a cardiac rhythm disturbance. FMD data were available 

for 78 % of the participants, including 46 classical Fabry patients, 8 atypical patients and 41 

controls. Twenty-three FMD measurements were rejected by the analyst because of inferiority 

of the images. AGES were measured in 96 % of the participants. 

results

Vascular parameters in Fabry patients

The findings for FMD, IMT, PWV, and AGES in Fabry patients and controls are shown in table 2. 

Classically affected Fabry males and females. Comparing the total cohort of classically 

affected Fabry patients with matched controls, FMD was significantly lower (4.7% vs 5.8%, 

p=0.02). Carotid IMT was increased (0.65 vs 0.60 mm in controls p=0.02). PWV and AGES were 
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not significantly different between classical Fabry patients and controls. A further analysis by 

gender revealed that in males (age 38.4±14.3 years) IMT was increased and FMD decreased if 

compared to male controls. This in contrast with the results for the Fabry females (age 45.7±13.3 

years) that were comparable to the matched female controls (table 2). Figure 1 shows the IMT 

and FMD depicted by age for classically affected patients and controls.

Atypical patients. Comparing the atypical patients (age 52.0±13.3 years) with controls 

revealed that none of the vascular parameters was significantly abnormal with the exception of 

AGES in males (Table 2). The atypical cases showed a trend towards a higher TC/HDL-c profile 

compared to the controls (p=0.05) as well as a trend towards a higher BMI (p=0.06). 

table 1 Baseline clinical characteristics of the study population. 

classic mutation r112h and P60l control p-value

n 57 10 55

Males, n (%) /
Females, n(%)

22 (39%)/
35 (61%)

5 (50%)/
5 (50%)

20 (36%)/
35 (64 %)

Age: mean±SD
        median, (range)

42.9±18.8 52.0±13.3 44.2±14.5 0.22

44.2 (19-76) 50.9 (27-74) 47.2 (19-83) 0.22

Ethnicity (caucasian; 
mediterranean; asian)

55;1;1 6;4;0 52;2;1 <0.001

Agalsidase alfa;beta;no ERT (n) 17;25;15  0;2;8 NA 0.002

History of hypertension,n(%) 11 (19%) 2 (20%) 2 (3.6%) 0.031

SBP, mmHg 121±19 122±12 126±14 0.08

DBP, mmHg 73±9 78±10 77±11 0.17

BP-lowering medication, n (%) 30 (53%) 3 (30%) 4 ( 7%) <0.001

Glucose 4.9±0.6 4.9±0.5 5.0±0.5 0.53

TC/HDL-c ratio 3.2±0.8 4.2±0.9 3.5±1.1 0.018

LDL-c, mmol/l 2.9±0.9 3.3±0.7 3.2±0.9 0.13

Triglycerides, mmol/l 0.87±0.40 1.2±0.78 1.0±0.69 0.45

Statin use, n (%) 3 (5.3%) 1 (10%) 0 (0%) 0.14

BMI, kg/m2 24.4±4.1 27.7±4.9 24.6±3.7 0.08

Current smoking, n (%) 11 (19%) 2 (20%) 10 (18%) 0.98

eGFR (median, range) 88 (23-148) 85 (8-111) 86 (45-129) 0.93

LVH, n (%) 35 (61%) 2 (20%) ND 0.034

WML, n (%) 39 (68%) 6 (60%) ND 0.71

LysoGb3 pretreatment 10.7 (2.3-124.3) 0.7 (0.3-3.0) ND* <0.001

LysoGb3 8.4 (2.1-86.9) 0.7 (0.4-1.6) ND* <0.001

Data on left ventricular hypertrophy (LVH) and WML (white matter lesions) were not available in 
the control subjects. BP-lowering medication: including angiotensin-converting-enzyme inhibitors, 
angiotensin receptor blockers prescribed for microalbuminurie/proteinuria. p-values are calculated for 
the differences between the three groups (classic, atypical and controlgroup). NA=not applicable, ND=not 
determined, eGFR=estimated glomerular filtration rate.  *Reference interval for lysoGb3 in healthy 
controls: 0.3-0.6 nM.
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ERT 

The design of the study did not allow us to assess the effect of ERT on vascular parameters. 

Almost all male patients (21 of 22) and female patients (21 of 35) received ERT. The median 

ERT duration was 5.7 (0.5-9.9) years. The 21 females with ERT were older than the 14 females 

without treatment (50.5±13.3 vs 38.7± years, p<0.01), and more severely affected which may 

explain the higher IMT in the ERT treated females compared to controls (0.67 (0.43-0.88) mm vs 

0.60 (0.39-1.09) mm, p=0.06).

 Vascular parameters and clinical parameters

Classical patients. In univariate analysis IMT was associated with renal function, LVH and WMLs 

including previous strokes (table 3). However, in the multivariate analysis including age and 

gender, the relationship of IMT with the clinical manifestations lost significance. Comparing the 

univariate analyses, the presence of WML and a history of stroke was predicted most accurately 

by IMT as apposed to age and gender (R2
WML and IMT =0.38, R2

WML and age =0.33, R2
WML and gender 

=0.02).

In univariate analysis, FMD and PWV were related to left ventricular hypertrophy and WML 

respectively but this association was not significant when adjusted for age and gender. The 

table 2 Pulse wave velocity, flow-mediated dilation, intima media thickness and advanced glycation end-
products for the total cohort and for males and females separately 

All (males and females)

measurement classic atypical
r112h and P60l

control p-value 
(total)

PWV (m/s) 6.4 (4.5-17.8) 7.2 (5.6-9.7) 6.6 (4.8-9.7) 0.40

FMD (%) 4.7 (0.8-17.4)* 5.4 (0.6-7.5) 5.8 (1.9-13.6) 0.04

IMT (mm) 0.65 (0.43-0.96)* 0.64 (0.48-0.98) 0.60(0.39-1.09) 0.059

AGES 1.9 (1.3-3.9) 2.5 (1.5-3.4)** 1.3 (1.9-2.9) 0.011

*p=0.02 versus controls,** p=0.001 versus controls

Males

PWV (m/s) 6.3 (4.5- 7.9) 6.8 (6.1-9.2) 6.1 (5.3-9.7)  0.29

FMD (%)  2.9 (0.8-7.9) × 5.4 (0.6-7.5) 5.9 (2.1-8.5) 0.056

IMT (mm)  0.67 (0.50-0.96)× 0.62 (0.56-0.98) 0.59(0.40-0.76) 0.04

AGES 1.9 (1.4-3.9) 2.4 (2.0-2.7)×× 1.8 (1.4-2.6) 0.028
×p=0.01  versus controls, ××p=0.005   versus controls  

Females

PWV (m/s) 6.8 (5.1-17.8) 7.5 (5.6-9.7) 6.8 (4.4-8.8) 0.77

FMD (%) 5.4 (1.8-17.4) 5.5 (4.2-5.5) 5.7 (1.9-13.6) 0.43

IMT (mm) 0.65 (0.43-0.88) 0.66 (0.48-0.89) 0.60(0.39-1.09) 0.63

AGES 1.9 (1.3-2.8) 2.5 (1.5-3.4) 2.0 (1.3-2.9) 0.10

p-values are calculated for the differences between the three groups (classic, atypical and controlgroup).
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AGES however, were inversely related to renal function. If adjusted for age and gender, an 

increase of the AGES by 1 unit reflected a decrease of renal function by 20 ml/min/1.73m2 

(p=0.02).

Figure 1 
IMT in males (left panels) and females (right panels) with classic phenotypes compared to controls, 
according to age and gender. In males, the slope of the regression line is comparable while the intercept 
is 0.12 mm higher in classic males compared to controls (p<0.001). In females, the intercept and slope did 
not differ. In classic males, FMD corrected for age is 1.8% lower compared to controls (p=0.02) while the 
slopes are comparable. In classically affected females, FMD is comparable to controls.

table 3 IMT and clinical disease manifestations: univariate analysis 

classic phenotypes only (n=57) atypical patients

Parameter beta p-value beta p-value

eGFR ml/min/1.73m2 -7.6 (SE 2.8) 0.009 -5.6 (SE 7.7) 0.47

Parameter or (95% ci) or (95% ci)

LVH 6.7  (2.4 -18.5) <0.001 2.2 (0.7- 7.1) 0.19

WML 4.0  (1.8 , 9.1)   0.001 2.7 (0.6- 11.1) 0.18

Beta represents the change in renal function per 0.1 mm increase in IMT. The odds are reported per 0.1 
mm increase in IMT.
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Atypical patients. In the atypical patients, no association between IMT, FMD, PWV, AGES, and 

clinical parameters could be determined.

IMT, FMD, PWV, AGES and plasma lysoGb3

Figure 2 shows the IMT and plasma lysoGb3 levels of studied Fabry patients. Classically affected 

Fabry males all showed markedly elevated lysoGb3 as well as an increase in IMT compared 

to controls.  Classically affected Fabry females showed more modest abnormalities in plasma 

lysoGb3 and IMT compared to controls. The atypical cases with no increased lysoGb3 showed 

no clear abnormalities. Neither univariate nor multivariate analysis in the total group of clas-

sically affected Fabry males and females, revealed an association between IMT and plasma 

lysoGb3.  A large part of the cohort was treated with ERT and as this reduces lysoGb3 levels, the 

same analyses were performed using pretreatment lysoGb3, i.e. lipid levels at the time before 

initiation of ERT. Similarly there were no correlations. 

Of interest, a more detailed analysis of female patients with classic Fabry disease alone 

revealed that their lysoGb3 levels did contribute to IMT thickness. When adjusted for age, 

lysoGb3 at the time of evaluation (median 6 (range 2- 11) nM) was associated with a trend 

towards increase in IMT (p=0.08) and a significant correlation between pretreatment lysoGb3 

(median 8 (range 2-24) nM) and IMT was observed; 0.006 mm increase in IMT per 1 nM pretreat-

ment lysoGb3 increase (p=0.03).  In males, lysoGb3 (median 24 (range 7-87) nM) nor pretreat-

ment lysoGb3 added to the prediction of the IMT thickness.

For FMD a slightly different pattern was observed. Analysis of the classically affected patients 

only, showed a trend with the lysoGb3 level and FMD (p=0.07) but there was a significant 

Figure 2 
Left upper panel shows IMT and lysoGb3 in Fabry disease males and females with classic phenotypes 
(n=57) and the right upper panel in atypical patients (n=10). Below FMD and lysoGb3 in Fabry disease 
males and females with classic phenotypes (n=46) on the left and atypical patients (n=8) on the right.
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correlation with pretreatment lysoGb3; 0.35% decrease in FMD per 10 nM increase of pretreat-

ment lysoGb3 (p<0.01). Correcting for age, gender, and cardiovascular risk factors, there was 

a trend between pretreatment lysoGb3 and decrease of FMD (p=0.07). Analysis for males and 

females with classic Fabry disease separately again only showed a significant correlation in 

females (p=0.01).

There were no correlations between lysoGb3 and pulse wave velocity nor AGES.

Life-time exposure to lysoGb3 and aging

There were modest correlations between IMT and life-time exposure to lysoGb3 (R2=0.21, 

p<0.001) and FMD and life-time exposure to lysoGb3 (R2=0.12, p=0.01) in the classic Fabry 

cohort. Similar observations were found in males and females separately. 

discussion

In this study carotid IMT, FMD, PWV, and AGES were measured in a large and heterogeneous 

cohort of Fabry patients, including male hemizygotes and female heterozygotes with classical 

disease manifestations as well as individuals with alfa-Galactosidase A abnormalities that result 

only in atypical manifestations and minor alterations in lipid abnormalities. Different findings 

were observed for the various sub-groups that deserve separate discussion. The investigated 

atypical patients were identified in three families. Besides the index cases, other family mem-

bers were only very mildly affected. The index cases presented with renal insufficiency (n=2) 

and multiple TIAs (n=1). The latter patient also presented with the highest IMT, but neverthe-

less showing very low lysoGb3 levels. Smoking was another known risk factor in this patient. 

Overall, in the atypical patients, IMT, FMD, and PWV were comparable to matched controls. Only 

the AGES tended to be increased in males. Although comparable for age, the studied atypi-

cal patients showed a trend towards a higher total cholesterol/ high density lipoprotein (TC/

HDL) profile compared to the matched controls (p=0.05) as well as a trend towards a higher 

BMI (p=0.06). This suggests that other factors than Fabry disease contribute to the vascular 

changes observed in some of these patients.  In classically affected males, IMT was significantly 

increased compared to controls. This has also been reported in previous cross-sectional studies 

and one longitudinal study in untreated Fabry patients compared to healthy controls.6, 23, 24  In 

classically affected females IMT was found to be comparable to healthy controls. Barbey and 

colleagues reported an increased IMT in untreated female patients.6 Possible explanations for 

these differences are (1) the 6 year age difference between patients and controls in the study by 

Barbey et al and (2) a possible effect of intervention (ERT) in our cohort. The latter may not be 

a likely explanation since a longitudinal study during ERT (agalsidase beta 1.0 mg/kg/ 2 weeks) 

showed no decrease of IMT,24 although this cohort consisted primarily of male patients. 
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FMD was found to be significantly decreased in classically affected males. In contrast, FMD in 

female patients was comparable to matched healthy controls. There are few studies on FMD in 

Fabry disease.23, 37 FMD was reported to be impaired, however these studies included males 

and females and did not differentiate the results for gender.23, 37

PWV was not different between patients and controls, despite an increased IMT in Fabry 

patients compared to controls. This is in line with previous observations that an increase in 

IMT does not necessarily lead to increased arterial stiffness.22 Another explanation may be that 

PWV decreases during ERT treatment.24 In our study cohort, a large proportion received ERT 

as well as ACE-ARB medication, lowering blood pressure, which might have contributed to the 

observed normal PWV. Indeed, treatment with ACE-ARB contributed to a lower PWV beyond 

blood pressure (data not shown). Furthermore, increase of PWV was associated with an increase 

in IMT, suggesting that structural macrovascular changes are related to functional changes. The 

AGES were not different between classically affected patients and controls but an increase in 

AGES was associated with a decrease of renal function in classic Fabry patients, which is in line 

with a previous study concerning patients with renal insufficiency.27 

We evaluated the clinical relevance of noted abnormalities in vascular parameters. Increased 

IMT is associated with increased risk of the development of atherosclerosis and cardiovascular 

disease in general.38 In current study, increase of IMT was related to the occurrence of cerebral 

white matter lesions and stroke. Cerebral white matter lesions seem to be the most prevalent 

manifestations of disease progression, despite treatment.15, 31 In general, an increase in IMT is 

associated with an increased risk of stroke.39 The persistent increase in IMT and occurrence of 

new WMLs despite ERT are both indicative of ongoing vascular disease manifestations.

The second aim of this study was to evaluate the hypothesis that increased levels lysoGb3 

would be associated with an increased IMT. Indeed, in females lysoGb3 appeared to contribute 

to the increase in IMT. However in males, there was no strict association discovered and there 

was no additional value of exposure compared to age alone. This result could be due to a 

ceiling effect. In females, lysoGb3 levels are lower compared to males.30, 31 Females also have 

less increased IMT values compared to males. Classically affected males all have very mark-

edly increased lysoGb3 levels, even after treatment with ERT, as well as an increased IMT. This 

would suggest that already very low levels of lysoGb3 can add to an increase in IMT and when 

a certain ceiling is exceeded, higher lysoGb3 values do not add to a higher IMT. Indeed, when 

the total cohort, including classic and atypical patients was divided into two groups, based 

on the median lysoGb3 value (lysoGb3 level = 7 nM) patients with lysoGb3 levels above the 

median showed, on top of age and gender, an 0.044 mm higher IMT compared to patients 

below the median (p=0.034) .  In classically affected patients, there was only an association with 

the pretreatment lysoGb3: the IMT was 0.056 mm higher in patients with pretreatment lysoGb3 

levels above the median (>10 nM) compared to patients with levels below 10 nM independent 

of age and gender (p=0.02). 
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Similarly, in the total cohort of classically affected and atypical patients, a lysoGb3 above 7 nM, 

was associated with a 2.2% lower FMD as compared to patients with a lysoGb3 below 7 nM after 

adjustment of age and gender (p=0.02). In classically affected patients, this was -2.9% in FMD in 

case of lysoGb3 above 7 nM (p=0.02). 

In atherosclerosis development, carotid IMT, brachial artery FMD, and PWV provide distinct, 

independent information about this complex process.40, 41 In Fabry disease, lysoGb3 has been 

shown to induce smooth muscle cell proliferation in vitro and could suggest that an increase 

in IMT develops first.30 Alternatively, lysoGb3 could induce both an increase in IMT as well as 

an impaired FMD concomitantly. However, the exact pathophysiology of Fabry disease and 

the vascular components contributing to disease manifestations are unclear. Previously we 

hypothesised that excess of lysoGb3 in the circulation gives local depositions in the media 

layer resulting in smooth muscle cell proliferation and remodeling of both subendothelial layer 

and extracellular matrix leading to fibrotic structures.18 This may lead to shear that increases 

expression of both angiotensin 1 receptor (AT1) and angiotensin 2 receptor (AT2) which can 

activate integrin-mediated signaling, thereby inducing alterations of both extracellular matrix 

and cytoskeletal composition and organization.42 Increased angiotensin 2 activity before 

enzyme infusion compared to controls has recently been reported which strengthens this 

hypothesis.43 An alternative explanation could be elevation of sphingosine-1-phosphate levels 

in patients with Fabry disease.44 One study showed that high sphingosine-1-phosphate levels 

in patients with Fabry disease correlate with increased IMT and left ventricular mass, although 

the mechanism for the increased S1P levels could not be established.44 S1P is also detected in 

healthy individuals and other diseases and increases during inflammatory responses.45, 46 It is 

not a disease specific marker, such as lysoGb3, and does therefore not unequivocally explain 

how the vasculopathy in Fabry disease is induced.

A limitation of our study was that not all PWV and FMD measurements were available for 

the entire cohort. PWV could not be measured in a subset of patients with cardiac rhythm 

disturbances. This group was slightly older than the cohort with PWV measurements. However 

the sensitivity analyses did not alter the overall conclusions.

Another limitation of our investigation is its cross-sectional design and the fact that a large 

proportion of patients received ERT (21 out of 22 classic Fabry males, and 21 of 35 classic Fabry 

females), including two different products and in different dosages. In addition, many patients 

received additional antihypertensive treatment. To come to a better understanding of the 

pathophysiology and its reversibility/stabilization by ERT and additional therapies, repeated 

measurements in the same patients should be performed, ideally before start of any interven-

tion (i.e. ERT) and during follow-up. In addition the effect of dosage of ERT should be evaluated. 

In conclusion, the present study showed that IMT is increased and FMD decreased in males 

with classical Fabry disease with elevated lysoGb3 levels. In the female patients such relation-

ships were only detected in more severely affected individuals. We cannot exclude that ERT 

treatment and/or co-medication ameliorated vascular abnormalities to some extent. However, 
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the fact that most abnormalities remained increased despite ERT suggests that this treatment 

modality has only modest effect on vascular abnormalities. Present results suggest that treat-

ment interventions should ideally result in preventing increase of IMT and decrease of FMD 

by early intervention as well as a more effective lowering of plasma lysoGb3 for example by 

increasing the dosage of ERT. To obtain a better insight on this matter longitudinal investiga-

tions during ERT are warranted in females and in males in case of new treatment strategies, 

aiming at early as well as more effectively lowering of lysoGb3. These studies may also reveal 

whether responses in plasma lysoGb3 to enzyme supplementation are predictive for improve-

ment in vascular function. 
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aBstract

objectives. Post-coarctectomy (CoA) patients are thought to have enhanced pulse wave 

reflection, which is thought to contribute to cardiovascular disease in this patient group. We 

compared wave reflection in relatively healthy group of CoA patients without hypertension or 

recoarctation and matched controls and compared wave reflection responses to pharmaco-

logical vasodilation. 

methods. In step 1 we measured augmentation index (AIx), a measure of wave reflection, 

using applanation tonometry in thirty post-coarctectomy patients without hypertension or 

recoarctation (age 32±10 yrs, 18 males, blood pressure 127±10 / 69±9 mmHg) and control 

subjects (age 33±9 yrs, 18 males, blood pressure 122±11 / 69±8 mmHg). In step 2 we assessed 

AIx response to salbutamol and nitroglycerine in 7 post-coarctectomy patients and controls 

(both groups age 33±9 yrs, 5 males). 

results. Step 1: AIx was higher in CoA patients compared to controls (17±14 vs 9±14 %, 

p<0.01). Step 2: the mean decrease in AIx from baseline in response to salbutamol was 5±12 vs 

3±3 % (p=0.54) for CoA patients versus control subjects and 24±7 % vs 14±7 % in response to 

nitroglycerine (p=0.04). 

conclusions. CoA patients without hypertension or recoarctation have higher AIx compared 

to matched controls. The decrease in AIx was similar after salbutamol, but was greater after 

nitroglycerine in CoA patients compared to controls. Although wave reflection is increased in 

CoA patients, it can be decreased pharmacologically.
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introduction

Aortic coarctation is a relatively common congenital heart defect characterized by a stenosis 

in the aortic arch. Despite successful surgical repair, adult post-coarctectomy (CoA) patients 

have an increased risk of cardiovascular disease and decreased life expectancy compared to 

the general population.1-4 Intra-arterial measurements have shown that blood pressure waves 

are altered in patients with aortic coarctation and that the change in pressure wave form may 

be explained by early and thus increased reflection of the pressure waves on the stenosis.5 In 

population studies the augmentation index (AIx), a measure of wave reflection, is a predictor 

of cardiovascular events and mortality independent of blood pressure.6 CoA patients have 

enhanced wave reflection even after surgical repair and it has been hypothesized that this 

might contribute to the development of cardiovascular disease in CoA patients.7 Two recent 

non-invasive studies assessing AIx using applanation tonometry gave conflicting results. In line 

with invasive data, Szczepaniak and colleagues found higher AIx in CoA patients,8 while Swan 

and colleagues found no difference.9 In CoA patients, enhanced wave reflection is thought 

to arise from early reflection of pressure waves on the reconstructed and scarred aorta.7 The 

reconstructed pre-stenotic aorta has indeed been shown to have reduced elastic properties,10, 

11 even when the coarctation is repaired in early childhood.12 Furthermore the type of surgical 

intervention and anatomy of the aortic arch may influence local arterial stiffness and increase 

wave reflection.12-14  Differences between CoA patients and controls may be caused by differ-

ences in age and blood pressure, which may act as possible confounders. Moreover, the ques-

tion remains whether enhanced pulse wave reflection in CoA patients is related to anatomic 

or functional changes in the proximal aorta, and whether differences in wave reflection can 

be influenced by vasoactive substances. In normotensive and hypertensive subjects with a 

normal structure of the aorta, angiotensin II or noradrenalin induced vasoconstriction cause 

an increase in AIx,15 whereas vasodilators, such as nitroprusside and calcium channel blockers 

lower AIx.16 Since in CoA patients increased wave reflection might be caused by disturbances in 

the anatomy and functional properties of the proximal aorta, it is not known whether vasodilat-

ing drugs decrease wave reflection to the same extent as in persons with a normal anatomy of 

the aorta. 

We set out to examine whether AIx is increased in a relatively healthy subgroup of CoA 

patients without hypertension or evidence of restenosis compared to controls. Finally we 

examined how AIx responds to endothelium dependent and independent vasodilation, using 

salbutamol and nitroglycerine, in CoA patients and controls. 
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methods

The study consisted of two parts. To assess differences in hemodynamics between CoA patients 

and controls we non-invasively assessed peripheral and central hemodynamics (step 1). We 

then examined differences in response to endothelium dependent and independent vasodila-

tion in CoA patients and controls by determining wave reflection and central hemodynamics 

before and after salbutamol and nitroglycerine (step 2). The study protocols were approved 

by the medical ethics committee of the Amsterdam Medical Center and all participants gave 

informed consent.

Study population and design

We used the CONgenital CORvitia (CONCOR) database, the Dutch national registry of 

patients with congenital heart disease, to recruit CoA patients from the Academic Medical 

Center and two participating tertiary referral centers. Control subjects were recruited via 

advertisement and among hospital staff. All measurements were conducted in a quiet, 

temperature-controlled room. Participants were asked to visit the research facility after an 

overnight fast. Measurements were performed in supine position in the morning after a 

15 minute rest. All hemodynamic measurements were performed by a single investigator 

(BvdB).

step 1 In 30 CoA patients without hypertension and without recoarctation, which was ruled 

out by cardiac magnetic resonance imaging, and in 30 control subjects matched for age and 

gender, peripheral and central hemodynamics and arterial stiffness were measured. Brachial 

systolic and diastolic blood pressure (SBP, DBP) were measured 3 times at 1-minute intervals 

using a validated oscillometric device (Omron 705IT) with an appropriately sized cuff. We used 

the average of the last two readings for the calibration of central hemodynamic measurements 

and further analyses. Central hemodynamics and pulse wave velocity (PWV), as a measure of 

arterial stiffness, were performed using the SphygmoCor system (Atcor Medical Pty Ltd, West 

Ryde, Australia).17 By using applanation tonometry with a high-fidelity micromanometer (Millar 

Instruments, Texas, USA) peripheral pressure waveforms were recorded from the radial artery of 

the right arm. Using the brachial blood pressure for calibration and with the use of a validated 

generalized transfer function a corresponding central (aortic) waveform was generated. Central 

DBP, SBP, mean arterial pressure (MAP), pulse pressure, reflection time (Tr) and AIx were calcu-

lated by further analysis of the central waveform. The AIx is the difference between the second 

and first systolic peaks divided by the pulse pressure and is reported as a percentage and was 

corrected for heart rate of 75 beats per minute. 

First we tested the validity of the radial to aortic transfer function in CoA patients by mea-

suring radial and carotid artery waveforms in a group of 37 CoA patients with and without 

hypertension (unpublished data). The aortic AIx derived from waveforms at the right radial 

artery correlated significantly with right carotid artery AIx (R=0.72, p=<0.001). This is similar 
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to previous findings by Segers and colleagues reporting a correlation of 0.75 between aortic 

AIx derived from the radial artery and carotid AIx in middle-aged normotensive and mildly 

hypertensive subjects free from cardiovascular disease.18 Because radial measurements are 

easier to perform and are more reproducible we decided to calculate aortic waveforms from 

radial artery measurements. Carotid-femoral PWV was assessed using the foot-to-foot method. 

Measurements were done in duplicate and means were used for analysis.

step 2 In 7 CoA patients and 7 age and gender matched control subjects, wave reflection 

response to endothelium dependent vasodilation and endothelium independent vasodilation 

with salbutamol and nitroglycerine (NTG) was determined by applanation tonometry of the 

right radial artery as described previously.19 After calibration with brachial blood pressure, 

baseline applanation tonometry measurements were performed. Thereafter, 400 μg salbu-

tamol (Pharmachemie BV, Haarlem, the Netherlands) was inhaled by the participant under 

supervision of the investigator. Applanation tonometry measurements were repeated after 5, 

10, 15 and 20 minutes. After a 10 minute interval the next baseline measurement was taken and 

immediately followed by administration of 400 μg sublingual nitroglycerine spray (Sandoz BV, 

Almere, the Netherlands). After 3, 5, 10, 15 and 20 minutes measurements were repeated. We 

calculated AIx at baseline and at time of maximum response to salbutamol or NTG. To further 

examine the effect of salbutamol and NTG on peripheral and central pressure waves we used a 

model of the arterial system to calculate central pressure and flow from the peripheral pressure 

waves allowing separation into backward and forward waves by waveform analysis as previ-

ously described.20, 21

Statistical analysis. 

Data are presented as mean±standard deviation (SD) for continuous variables and n (%) for 

categorical variables. Comparisons of variables between groups were made by unpaired 

Student’s t-tests for continuous variables in the step 1 analysis; in the step 2 analysis 

because of the limited sample size we used the non-parametric Mann-Whitney test. Cat-

egorical variables were compared by χ2-test. A p value less than 0.05 was considered 

statistically significant. All statistical analyses were performed using SPSS software (version 

16.0, Chicago, Illinois, USA).

results

step 1 Table 1 shows baseline and hemodynamic parameters of CoA patients and controls. 

Patients and controls were well matched for age, gender and body mass index. Peripheral 

SBP and DBP were not significantly different between CoA patients and controls, although 

PP tended to be higher in CoA patients, 58±12 vs 53±9 mmHg, (p=0.06). AIx was increased 

in CoA patients compared to controls, 17±14 vs 9±14 % (p<0.01). There was a trend towards 
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a higher central SBP (110±12 vs 104±11 mmHg, p=0.06), while central DBP was similar. The 

central PP was significantly higher in CoA patients, 40±8 vs 34±6 mmHg (p<0.01). PWV did 

not differ between the two groups, 5.9±0.8 vs 6.1±1.1 m/s for CoA patients compared to 

controls (p=0.24). 

step 2 Mean age was 33±9 years for both the CoA patients and controls subjects, both 

groups consisted of 2 males and 5 females. One subject in each group used antihyperten-

sive medication. At baseline, CoA patients had higher SBP and similar DBP compared to 

controls (125±7 / 71±4 vs 116±6 / 68±5 mmHg, p=0.02 / p=0.33). Baseline AIx values for 

CoA patients were higher before salbutamol (22±16 vs 2±6 %, p=0.01) and NTG administra-

tion (25±13 vs -2±11 %, p=0.11). The decrease in AIx from baseline for salbutamol was 

similar for CoA patients and controls (5±12 vs 3±3 %, p=0.54), while in CoA patients the 

decrease in response to NTG was larger (24±7 % vs 14±7 %, p=0.04). Figure 1 shows the 

response of the peripheral pressure waves to salbutamol and NTG administration in CoA 

patients and controls. Figure 2 shows the response of the central aortic pressure waves. 

After NTG the decrease in central systolic peak significantly differed between CoA patients 

and controls with a central SBP decrease of  7.4 mmHg in CoA patients and 3.0 mmHg in 

controls (p=0.01), while peripheral SBP was similar between CoA patients and controls in 

table 1 Baseline characteristics and hemodynamic parameters for post-coarctectomy patients and 
matched controls.

Parameter coa controls p-value

n 30 30

Age, years 32±10 33±9 0.85

Male, n (%) 18 (60%) 18 (60%) 1.00

Height, cm 177±9 178±10 0.70

Weight, kg 76±13 74±11 0.57

BMI, kg/m2 24±3 23±3 0.35

SBP, mmHg 127±10 122±11 0.11

DBP, mmHg 69±9 69±8 0.79

PP, mmHg 58±12 53±9 0.06

HR, bpm 60±10 60±8 0.96

PWV, m/s 5.9±0.8 6.1±1.1 0.24

Central SBP, mmHg 110±12 104±11 0.06

Central DBP, mmHg 70±9 70±9 0.76

Central PP, mmHg 40±8 34±6 <0.01

AIx, % 17±14 9±14 <0.01

Tr, ms 147±20 162±25 0.02

Data are expressed as n (%) and mean±SD. Abbreviations: BMI=body mass index, SBP=systolic blood 
pressure, DBP=diastolic blood pressure, PP=pulse pressure, MAP=mean arterial pressure, HR=heart rate, 
AIx=augmentation index, Tr=reflection time, PWV=pulse wave velocity.
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response to salbutamol and NTG . When separated in forward and backward waves, the 

late systolic part of the forward wave and to a lesser degree the backward wave decreased 

after NTG compared to baseline in both groups, but this effect was more evident in the CoA 

group than in controls. Because of the combined decrease in forward and backward pres-

sure waves, the resultant reduction in AIx, central SBP and PP was therefore significantly 

larger in CoA patients compared to controls.

Figure 1 Radial pulse waves at baseline (solid lines) and after administration (dotted lines) of salbutamol 
(panel A and B) and NTG (panel C and D) in CoA patients and controls.
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discussion

This study shows that CoA patients without hypertension or recoarctation have an increased 

AIx compared to age and gender matched healthy controls. CoA patients compared to control 

subjects had similar AIx response to endothelium dependent vasodilation with salbutamol, 

while endothelium independent vasodilation with NTG caused a greater decrease in AIx and 

central systolic pressure in CoA patients.

For a long time it has been recognized that in case of a coarctation of the aorta the decrease 

in diameter and elasticity of the proximal aorta reduces the cushioning function resulting 

Figure 2 Aortic pulse waves at baseline (solid lines) and after administration (dotted lines) of salbutamol 
(panel A and B) and NTG (panel C and D) in CoA patients and controls.
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in a change of the pressure wave because of early reflection on the coarctation site.5  This is 

supported by a report showing a decrease, but not a complete normalisation, of the AIx after 

successful balloon dilatation of the aortic stenosis.22 Previous invasive measurements in CoA 

patients have demonstrated that wave reflection remains enhanced after successful surgical 

repair.7 Important determinants of AIx are age and blood pressure, but even in normotensive 

CoA patients AIx was higher compared to age matched controls.8 In comparison with the 

report by Murakami and colleagues7, we found a smaller difference in wave reflection between 

CoA patients and controls despite a higher average age of our study population. However, our 

patients exhibited no sign of clinically relevant recoarctation and were free of hypertension, 

Figure 3 Aortic pulse waves separated in forward and backward waves at baseline (solid lines) and after 
administration (dotted lines) of salbutamol (panel A and B) and NTG (panel C and D) in CoA patients and 
controls.
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whereas Murakami’s study consisted of a more heterogeneous group of CoA patients, two of 

whom had a pressure gradient over the coarctation site. Also, we used healthy normotensive 

controls free of cardiovascular disease that were individually matched for age and gender with 

CoA patients, whereas the control group of Murakami’s study consisted of subjects who had 

catheterization for various cardiac or aortic diseases and were assumed to be normal controls. 

Our data of increased AIx in CoA patients are in line with previous intra-arterial studies, but 

also with one non-invasive study using applanation tonometry.8 A second study using applana-

tion tonometry, however, found no difference in AIx between normotensive CoA patients and 

controls with similar age as in our study,9 but comparable to us they did find increased central 

PP. Furthermore, in the study of Szczepaniak and colleagues AIx was increased in CoA patients 

with and without residual stenosis of the aorta, suggesting that the function of the proximal 

aorta is impaired irrespective of residual stenosis of the aorta.

Pressure waves generated by contraction of the left ventricle (forward waves) travel down 

the aorta with a certain speed (pulse wave velocity), where they reflect at points where there is a 

discontinuity (reflection points) and travel back to the heart (backward waves). Pressure waves 

measured anywhere in the arterial system are the result of the interaction between forward 

and backward waves. It has been hypothesized that the increased wave reflection observed in 

CoA patients is caused by reflection of the forward pressure wave on the reconstructed aorta.7 

Our findings of an increased AIx and a shorter reflection time support these observations. In 

general the AIx is principally determined by heart rate, aortic stiffness and reflection site.23, 

24 Heart rate did not differ between CoA patients and controls, and correction for heart rate 

did not change the observed differences between the two groups. We found no differences in 

carotid-femoral PWV, a marker of the global aortic stiffness, between CoA patients and controls. 

However, this may not exclude local differences in aortic distensibility. Previous ultrasound 

and magnetic resonance studies have shown that the proximal aorta is less distensible even 

after correction of the coarctation.25, 26 It is known that the pressure wave (and thus PP) arises 

from the interaction of left ventricular ejection and compliance of the arterial system, which is 

mainly determined by the aorta.27 Indeed we and others have shown increased central aortic 

PP in CoA patients.7-9 Because the increase in AIx could not be explained by differences in heart 

rate or global aortic stiffness in our study, the loss of elasticity in the reconstructed aorta and 

subsequent changes in reflection site is the most likely explanation for the observed differ-

ences in wave reflection. 

In order to assess whether wave reflection can be pharmacologically modified in coarctation 

patients we used salbutamol and nitroglycerine, which are thought to affect pulse waveforms 

by decreasing the magnitude of wave reflection from peripheral sites through vasodilation.19 

The AIx is for a large part determined by backward waves arising from the lower body, so the 

change in AIx in response to salbutamol and nitroglycerine would mainly result from dilatation 

of the post-coarctation vascular bed. At baseline and after endothelium dependent (salbuta-

mol) and endothelium independent vasodilation (nitroglycerine), AIx remained higher in CoA 
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patients. Although it has been shown that pre-stenotic arteries have abnormal vasodilation, 

post-stenotic arteries indeed had normal vascular response to glyceryltrinitrate.28 It is likely 

that the increased wave reflection seen in CoA patients is partially caused by factors which can-

not be influenced by pharmacologically induced vasodilation, such as anatomical or functional 

properties of the aortic arch. 

The mean decrease in wave reflection for salbutamol was comparable between the groups. 

However, nitroglycerine reduced wave reflection to a larger degree in CoA patients than in 

control patients. Our wave separation analysis model showed that not only the backward but 

also the forward contributes to this. This suggests that in CoA patients reducing preload would 

effectively reduce wave reflection.

limitations Our study was cross-sectional and has all the inherent limitations. Since we did 

not measure aortic length in patients or controls we cannot exclude that differences in aortic 

path length contribute to the early wave reflection. Because height was similar in CoA patients 

and controls, we consider it unlikely that the small surgically resected part of the aorta could 

explain the increased wave reflection. Furthermore there was no association between height 

and AIx in CoA patients (data not shown), suggesting that differences in aortic path length 

that result from differences in height are not an important determinant of wave reflection. The 

number of CoA patients and controls in the salbutamol and nitroglycerine study was small. We 

may therefore have missed small differences in response to vasodilation between groups. The 

decrease in AIx for CoA patients and controls after salbutamol and nitroglycerine was, however, 

comparable to normotensive healthy controls in a previous study.19 

conclusions Wave reflection is increased in normotensive CoA patients without recoarctation 

compared to age and gender matched controls. The increased AIx observed in CoA patients 

before and after pharmacologically induced vasodilation gives further support to persistent 

anatomical and functional disturbances in the aorta as a cause of early wave reflection. We 

show, however, that wave reflection can be modified pharmacologically by vasodilating drugs 

and that the effect of nitroglycerine on wave reflection and central systolic pressure was larger 

in CoA patients than in controls.

Perspectives Increased AIx and central pressures are independent predictors of cardiovascular 

disease in the population. Antihypertensive drugs, preferably those with vasodilating capaci-

ties should be assessed for their ability to lower AIx and central pressure in CoA patients. It has 

not been determined though whether AIx and central pressures longitudinally predict cardio-

vascular events in CoA patients. Prospective follow-up studies would need to be designed to 

answer this question. In the mean time a first step would be to assess whether the AIx or central 

pressures are associated with organ damage in this specific patient group. 



Ch
ap

te
r 6

94

reFerences

 1.  Cohen M, Fuster V, Steele PM, Driscoll D, McGoon DC. Coarctation of the aorta. Long-term follow-up 
and prediction of outcome after surgical correction. Circulation. 1989;80:840-845.

 2.  Presbitero P, Demarie D, Villani M, Perinetto EA, Riva G, Orzan F, Bobbio M, Morea M, Brusca A. Long 
term results (15-30 years) of surgical repair of aortic coarctation. Br Heart J. 1987;57:462-467.

 3.  Toro-Salazar OH, Steinberger J, Thomas W, Rocchini AP, Carpenter B, Moller JH. Long-term follow-up 
of patients after coarctation of the aorta repair. Am J Cardiol. 2002;89:541-547.

 4.  Vriend JW, Mulder BJ. Late complications in patients after repair of aortic coarctation: implications for 
management. Int J Cardiol. 2005;101:399-406.

 5.  O’Rourke MF, Cartmill TB. Influence of aortic coarctation on pulsatile hemodynamics in the proximal 
aorta. Circulation. 1971;44:281-292.

 6.  Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, Stefanadis C. Prediction of cardiovas-
cular events and all-cause mortality with central haemodynamics: a systematic review and meta-
analysis. Eur Heart J. 2010;31:1865-1871.

 7.  Murakami T, Takeda A. Enhanced aortic pressure wave reflection in patients after repair of aortic 
coarctation. Ann Thorac Surg. 2005;80:995-999.

 8.  Szczepaniak-Chichel L, Trojnarska O, Mizia-Stec K, Gabriel M, Grajek S, Gasior Z, Kramer L, Tykarski A. 
Augmentation of central arterial pressure in adult patients after coarctation repair. Blood Press Monit. 
2011;16:22-28.

 9.  Swan L, Kraidly M, Vonder M, I, Collins P, Gatzoulis MA. Surveillance of cardiovascular risk in the nor-
motensive patient with repaired aortic coarctation. Int J Cardiol. 2010;139:283-288.

 10.  Brili S, Dernellis J, Aggeli C, Pitsavos C, Hatzos C, Stefanadis C, Toutouzas P. Aortic elastic properties in 
patients with repaired coarctation of aorta. Am J Cardiol. 1998;82:1140-1143.

 11.  di SG, Pacileo G, Limongelli G, Verrengia M, Rea A, Santoro G, Gala S, Castaldi B, D’Andrea A, Caso P, 
Giovanna RM, Calabro R. Abnormal regional myocardial deformation properties and increased aortic 
stiffness in normotensive patients with aortic coarctation despite successful correction: an ABPM, 
standard echocardiography and strain rate imaging study. Clin Sci (Lond). 2007;113:259-266.

 12.  Kuhn A, Baumgartner D, Baumgartner C, Horer J, Schreiber C, Hess J, Vogt M. Impaired elastic proper-
ties of the ascending aorta persist within the first 3 years after neonatal coarctation repair. Pediatr 
Cardiol. 2009;30:46-51.

 13.  Ou P, Celermajer DS, Raisky O, Jolivet O, Buyens F, Herment A, Sidi D, Bonnet D, Mousseaux E. Angular 
(Gothic) aortic arch leads to enhanced systolic wave reflection, central aortic stiffness, and increased 
left ventricular mass late after aortic coarctation repair: evaluation with magnetic resonance flow 
mapping. J Thorac Cardiovasc Surg. 2008;135:62-68.

 14.  Bassareo PP, Marras AR, Manai ME, Mercuro G. The influence of different surgical approaches on arte-
rial rigidity in children after aortic coarctation repair. Pediatr Cardiol. 2009;30:414-418.

 15.  Wilkinson IB, MacCallum H, Hupperetz PC, van Thoor CJ, Cockcroft JR, Webb DJ. Changes in the 
derived central pressure waveform and pulse pressure in response to angiotensin II and noradrena-
line in man. J Physiol. 2001;530:541-550.

 16.  Noda T, Yaginuma T, O’Rourke MF, Hosoda S. Effects of nifedipine on systemic and pulmonary vascular 
impedance in subjects undergoing cardiac catheterization. Hypertens Res. 2006;29:505-513.

 17.  Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method for estimating ascending aortic 
pressure from the radial artery pressure waveform. Hypertension. 2001;38:932-937.

 18.  Segers P, Rietzschel E, Heireman S, De BM, Gillebert T, Verdonck P, Van Bortel L. Carotid tonometry 
versus synthesized aorta pressure waves for the estimation of central systolic blood pressure and 
augmentation index. Am J Hypertens. 2005;18:1168-1173.

 19.  Hayward CS, Kraidly M, Webb CM, Collins P. Assessment of endothelial function using peripheral 
waveform analysis: a clinical application. J Am Coll Cardiol. 2002;40:521-528.



Wave reflection in post-coarctectomy patients 95

 20.  Westerhof BE, Guelen I, Westerhof N, Karemaker JM, Avolio A. Quantification of wave reflection in the 
human aorta from pressure alone: a proof of principle. Hypertension. 2006;48:595-601.

 21.  van den Bogaard B, Draijer R, Westerhof BE, van den Meiracker AH, van Montfrans GA, van den Born 
BJ. Effects on peripheral and central blood pressure of cocoa with natural or high-dose theobromine: 
a randomized, double-blind crossover trial. Hypertension. 2010;56:839-846.

 22.  Murakami T, Ueno M, Takeda A, Yakuwa S. Pressure wave reflection after successful balloon dilatation 
of aortic coarctation. Circ J. 2007;71:1821-1822.

 23.  Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The influence of heart rate on 
augmentation index and central arterial pressure in humans. J Physiol. 2000;525:263-270.

 24.  Williams B, Lacy PS. Impact of heart rate on central aortic pressures and hemodynamics: analysis from the 
CAFE (Conduit Artery Function Evaluation) Study: CAFE-Heart Rate. J Am Coll Cardiol. 2009;54:705-713.

 25.  Kim GB, Kang SJ, Bae EJ, Yun YS, Noh CI, Lee JR, Kim YJ, Lee JY. Elastic properties of the ascending aorta 
in young children after successful coarctoplasty in infancy. Int J Cardiol. 2004;97:471-477.

 26.  Ou P, Celermajer DS, Jolivet O, Buyens F, Herment A, Sidi D, Bonnet D, Mousseaux E. Increased central 
aortic stiffness and left ventricular mass in normotensive young subjects after successful coarctation 
repair. Am Heart J. 2008;155:187-193.

 27.  Dart AM, Kingwell BA. Pulse pressure--a review of mechanisms and clinical relevance. J Am Coll 
Cardiol. 2001;37:975-984.

 28.  Gardiner HM, Celermajer DS, Sorensen KE, Georgakopoulos D, Robinson J, Thomas O, Deanfield JE. 
Arterial reactivity is significantly impaired in normotensive young adults after successful repair of 
aortic coarctation in childhood. Circulation. 1994;89:1745-1750.





chapter 7

Determinants of wave reflection  
and their association with organ damage  

in post-coarctectomy patients

Bas van den Bogaard
Paul Luijendijk

Gijs-Jan Mackaij
Berend E Westerhof

Gert A van Montfrans
Eric de Groot

Maarten Groenink
Barbara JM Mulder

Berto J Bouma 
Bert-Jan H van den Born

Submitted



Ch
ap

te
r 7

98

aBstract

aims Post-coarctectomy (CoA) patients have increased peripheral and central aortic blood 

pressure and enhanced pulse wave reflection. We aimed to assess determinants of wave reflec-

tion and the association of wave reflection and central hemodynamics with organ damage in 

CoA patients.

methods and results We assessed peripheral and central hemodynamics in 79 CoA patients 

(mean age 38±13 years, 61% males). Central blood pressure and augmentation index (AIx), a 

measure of wave reflection, were measured with applanation tonometry. Carotid intima-media 

thickness (cIMT) was measured using B-mode ultrasonography. Left ventricular mass was cal-

culated from M-mode echocardiography tracings using the Devereux formula and indexed for 

body surface area (LVMI). Age, systolic and diastolic blood pressure, the use of antihypertensive 

medication, subclavian flap and patch angioplasty and ascending aorta diameter significantly 

correlated with AIx. In a multivariate model consisting of age, age at repair and use of antihy-

pertensive medication (R2=0.47, p<0.001) adding peripheral or central systolic blood pressure 

yielded the strongest models for predicting cIMT (R2=0.52 and R2=0.51). In univariate regres-

sion analysis only male gender (R=0.41, p<0.001), but none of the hemodynamic parameters, 

was associated with a higher LVMI. 

conclusion In CoA patients age, blood pressure, use of antihypertensive medication, type 

of surgical intervention and ascending aorta diameter are determinants of AIx. AIx, however, 

does not independently predict organ damage in CoA patients. Next to age, age at repair and 

use of antihypertensive medication, peripheral and central systolic blood pressures were the 

strongest predictors of CIMT, while hemodynamic parameters were not associated with LVMI.
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introduction

Despite successful surgical repair the survival of post-coarctectomy (CoA) patients remains 

decreased compared to the general population.1-3 Late complications after correction of aortic 

coarctation include hypertension and accelerated atherosclerosis.4 CoA patients have more 

organ damage such as increased left ventricular mass (LVM) and increased carotid intima media 

thickness (cIMT), a validated marker of atherosclerosis,5 compared to controls.6, 7

Recent studies have demonstrated that wave reflection and central blood pressure are 

markedly increased in CoA patients, also after successful surgical repair.8-10 The reconstructed 

and scarred aorta is thought to cause early reflection of the pressure wave, thereby possibly 

contributing to the increased risk of cardiovascular disease in CoA patients.10 The reconstructed 

pre-stenotic aorta has shown to have reduced elastic properties.11, 12 This is also apparent when 

the coarctation is repaired at a younger age.13 Besides reduced elasticity, aortic arch anatomy 

may also contribute to an increase in wave reflection with angulated or gothic type aortic arches 

showing increased wave reflection.14 Thus, the increased wave reflection in CoA patients seems 

to be partially dependent on anatomical and functional disturbances in the proximal aorta. 

Increased wave reflection may cause an increased left ventricular afterload, resulting in 

left ventricular hypertrophy. Population based observational studies have shown that wave 

reflection and central blood pressure better predicted cIMT than peripheral blood pressure.15, 

16 Whether the increased wave reflection and higher central blood pressure in CoA patients is 

associated with cIMT or LVM as possible markers of their increased cardiovascular event rate, 

has to our knowledge not been assessed. 

Therefore our aim was to assess determinants of wave reflection in CoA patients and to 

investigate whether wave reflection and central blood pressure were associated with cIMT and 

LVM in CoA patients. 

methods

Study population

In this cross-sectional study 79 CoA patients were selected from the outpatients’ clinic of 

the Academic Medical Center (AMC), Amsterdam, the Netherlands, and from two partici-

pating tertiary referral centers using the CONCOR database, the Dutch registry and DNA-

bank for adult patients with congenital heart disease. The Medical Ethics Committee of 

all participating centres agreed with the protocol, and all patients gave written informed 

consent prior to participating in the study. All post-coarctectomy patients were eligible 

for this study. Patients were invited to visit the study center (AMC, Amsterdam), where 

hemodynamic measurements, ultrasonography of the carotid arteries and echocardiogra-

phy were performed on the same day. Demographic and clinical parameters such as age, 



Ch
ap

te
r 7

100

gender, body mass index (BMI), age at intervention the use of antihypertensive medication, 

other associated congenital cardiac anomalies, aortic arch type and type of surgery were 

obtained from patients’ medical records. Aortic arch morphology was determined by Mag-

netic Resonance Imaging using a 1.5 Tesla scanner (Siemens Avanto, Erlangen, Germany) 

and classified according to Ou et al.17

Hemodynamic measurements

Participants were asked not to take their medication the morning of their visit to the hospital. 

Hemodynamic measurements were done in fasting condition after a 15 min. rest in a quiet 

temperature-controlled room in supine position. Brachial blood pressure was measured 3 

times at 1-minute intervals on the right arm using a validated oscillometric device (Omron 

705IT). The mean of the last 2 measurements was used for further analysis. We performed 

applanation tonometry of the radial artery with a high-fidelity micromanometer (Millar Instru-

ments, Texas, USA). Radial pressure waveforms were calibrated with brachial blood pressure 

and the corresponding central aortic waveform was generated using a generalized transfer 

function. Central systolic blood pressure (cSBP), central diastolic blood pressure (cDBP) and 

the augmentation index (AIx), a measure of systemic wave reflection, were calculated by 

analysis of the central waveform using the SphygmoCor system (Atcor Medical Pty Ltd, West 

Ryde, Australia) as described previously.18, 19 AIx was defined as the difference between the 

first and second peak of the waveform expressed as a percentage of the pulse pressure and 

was corrected for heart rate of 75 beats per minute. Measurements were done in duplicate 

and means were used for analysis.

B-mode ultrasonography of the carotid artery

B-Mode ultrasound images of the arterial wall segments of the right and left common carotid 

arteries, carotid bulbs, internal carotid arteries, were acquired according to a standardized 

protocol5. One well-trained and experienced sonographer—blinded to all clinical informa-

tion—performed all measurements. We used an Acuson 128XP ultrasound instrument (Acuson, 

Mountain View, CA) equipped with an L7 5 to 10 MHz linear array transducer and extended 

frequency software. The mean intima-media thickness of the common carotid artery, carotid 

bulb, internal carotid artery, were defined as the mean cIMT of the near and far walls of both the 

left and right sides to facilitate statistical analysis.

Echocardiography

Echocardiograms were obtained with either a Vivid 3 or Vivid 7 (GE, Vingmed Ultrasound, 

Horton, Norway) ultrasound images system. Aortic diameters were measured in end 

diastole at the root and at the ascending level. Left ventricular mass was calculated from 

M-mode echocardiography tracings, using the Devereux formula, and indexed for body 

surface areas (LVMI). 
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Statistical analysis

Baseline data are presented as mean±standard deviation (SD) for continuous variables with 

a normal distribution, median (range) for continuous variables with a non-normal distribu-

tion and n (%) for categorical variables. Univariate and multivariate regression analyses 

were used to identify independent predictors of AIx, LVMI and CIMT in patients after repair 

of aortic coarctation. Single variables that could have a pathophysiological association, 

such as SBP and DBP, were tested for co-linearity.  If significant colinearity existed between 

variables, the variable with the highest correlation with the dependent variable was chosen. 

All statistical tests were 2-sided and differences were considered statistically significant 

at p<0.05. Data analysis was performed using SPSS (16.0 for Windows, SPSS Inc, Chicago, 

Illinois, USA).

results

Patient characteristics of the 79 CoA patients are shown in table 1, mean age was 38±13 years 

and 61% was male. Median age at repair was 7 yrs and 44% used one or more antihypertensive 

drugs. 

Determinants of wave reflection 

Univariate and multivariate analyses for determinants of AIx are shown in table 2. In uni-

variate analysis age (R=0.49, p=<0.001), SBP (R=0.24, p=0.03), DBP (R=0.47, p<0.001), use of 

antihypertensive medication (R=0.24, p=0.04), subclavian flap (R= - 0.27, p=0.02) and patch 

angioplasty (R=0.23, p=0.04) interventions and ascending aorta diameter (R=0.36, p<0.01) 

correlated significantly with AIx, while the association between AIx and age of repair was 

borderline significant (R=0.21, p=0.07). All univariate variables with p<0.10 were entered in 

two multivariate models. Model 1 included age, DBP, age of repair, subclavian flap and patch 

angioplasty interventions. Because aorta diameters were not available for all participants, we 

included in model 2 ascending aorta diameter next to the variables of model 1. Age, DBP and 

patch angioplasty intervention remained significant in model 1. In model 2 next to age, DBP 

and patch angioplasty intervention, the ascending aorta diameter was a borderline significant 

predictor of AIx (p=0.07).

Central hemodynamics and organ damage 

Mean CIMT was 0.71±0.17 mm and LVMI was 121.3±38 g/m2. In table 3 univariate regression 

analysis with CIMT as the dependent variable is shown. Age (R=0.66, p<0.001), age at repair 

(R=0.45, p<0.001) and use of antihypertensive drugs (R=0.47, p<0.001) were associated with 

an increased cIMT. Also, peripheral and central blood pressures, and AIx are associated with 

CIMT. In univariate analysis the association with cIMT was similar for cSBP (R=0.57, p<0.001) 



Ch
ap

te
r 7

102

and peripheral SBP (R=0.52, p<0.001). Age, age at repair and use of antihypertensive medi-

cation were entered in a multivariate regression model together with each of the hemody-

namic parameters to determine which of the hemodynamic parameters had the strongest 

independent association with cIMT (table 5). Addition of DBP, cDBP, or AIx did not improve the 

model. SBP and cSBP were independently associated and improved the predictive value of the 

multivariate model, the R2 for the models were 0.52 and 0.51. In univariate regression analysis 

only male gender was associated with a higher LVMI (table 4), while none of the hemodynamic 

parameters were associated with LVMI.

table 1 Clinical characteristics of post-coarctectomy patients

clinical characteristics

n 79

Age, yrs 38±13

Age at repair, yrs 7 [0-61]

Male 48 (61%)

BMI, kg/m2 24.4±3

SBP, mmHg 133±17

DBP, mmHg 72±11

cSBP, mmHg 117±19

cDBP, mmHg 73±11

AIx, % 13±17

Use of antihypertensive medication, n (%) 35 (44%)

Type of repair, n (%)

End-to-end anastomosis 49 (62%)

Subclavian flap 10 (12%)

Patch angioplasty 6 (8%)

Stent 8 (10%)

Unknown 6 (8%)

Aortic arch type, n (%)

Romanesque 41 (52%)

Crenel 12 (15%)

Gothic 15 (19%)

Unknown 11 (14%)

Congenital cardiac anomalies, n (%)

Bicuspid aortic valve 37 (47%)

Hypoplastic arch 3 (4%)

ODB 3 (4%)

VSD 6 (8%)

Data are mean±SD or median [range] for continuous variables where appropriate and n (%) for categorical 
variables. Abbreviations: BMI=body mass index, SBP=systolic blood pressure, DBP=diastolic blood 
pressure, c=central, AIx=augmentation index, ODB=open ductus botalli, VSD=ventricular septal defect.
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table 2  Univariate and Multivariate Regression Analyses of AIx in CoA patients

univariate multivariate model 1
multivariate model 
2*

beta p-value beta p-value beta p-value
Age 0.49 <0.001 0.41 <0.01 0.38 0.02

Age repair 0.21 0.07 - 0.08 0.47 -0.11 0.39

Male 0.17 0.14

BMI 0.13 0.26

SBP 0.24 0.03

DBP 0.47 <0.001 0.30 <0.01 0.28 0.01

Use of antihypertensive drugs 0.24 0.04 0.03 0.82 0.05 0.68

type of repair
End to End anastomosis 0.09 0.43

Subclavian flap - 0.27 0.02 - 0.04 0.69 0.05 0.69

Patch angioplasty 0.23 0.04 0.22 0.03 0.27 0.02

Stent 0.05 0.68

aortic arch type
Romanesque 0.11 0.32

Crenel 0.12 0.28

Gothic - 0.12 0.31

associated congenital anomalies
Bicuspid valve - 0.02 0.86

Hypoplastic arch 0.03 0.78

VSD 0.15 0.19

ODB 0.03 0.78

aorta diameter*
Root 0.14 0.30

Ascending 0.36 <0.01 0.22 0.07

Univariate variables with p<0.10 were included in the multivariate model. The multivariate model 1 
included age, DBP, age of repair, subclavian flap and patch angioplasty. Model 2 additionally included 
aorta ascendens diameter. R for model 1=0.61, R for model 2=0.66. Abbreviations: BMI=body mass index, 
SBP=systolic blood pressure, DBP=diastolic blood pressure, VSD=ventricular septal defect, ODB=open 
ductus botalli. * n=60.

table 3 Univariate Regression Analysis for Carotid Intima-Media Thickness

explanatory variable r2 p-value

Age 0.44 <0.001

Age at repair 0.20 <0.001

Male gender (no/yes) 0.01 0.36

BMI 0.02 0.29

SBP 0.27 <0.001

DBP 0.13 <0.01

cSBP 0.33 <0.001

cDBP 0.13 <0.01

AIx 0.07 0.03

Use of antihypertensive drugs 0.22 <0.001
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discussion

In this cross-sectional study we assessed the determinants of wave reflection in a relatively 

young group of CoA patients and assessed the association of clinical and hemodynamic param-

eters with organ damage. We found that age, DBP and patch angioplasty intervention were 

independent predictors of AIx in multivariate analysis. AIx, however, did not independently 

predict organ damage in CoA patients. Age, age at repair, use of antihypertensive medication 

and peripheral and central hemodynamics were associated with increased cIMT in univariate 

analysis. Adding SBP or cSBP to a multivariate model including age, age at repair and a history 

of hypertension yielded the strongest predictive models. However, central SBP was not a better 

independent predictor of cIMT than peripheral SBP. Peripheral and central blood pressure, and 

AIx were not associated with LVMI. 

Determinants of wave reflection 

It is thought that in CoA patients enhanced wave reflection is partially caused by early reflec-

tion of pressure waves on the reconstructed and scarred aortic arch. The fact that surgical 

table 4 Univariate Regression Analysis for Left Ventricular Mass Index

explanatory variable r2 p-value

Age 0.03 0.20

Age at repair 0.00 0.59

Male gender (no/yes) 0.17 <0.001

BMI 0.01 0.34

SBP 0.02 0.26

DBP 0.00 0.91

cSBP 0.01 0.40

cDBP 0.00 0.93

AIx 0.00 0.73

Use of antihypertensive drugs 0.01 0.36

table 5 Multivariate Regression Analysis for Carotid Intima-Media Thickness

r2  for model β† p-value†

Model* 0.47 - -

Model + SBP 0.52 0.24 0.02

Model + DBP 0.48 0.10 0.30

Model + cSBP 0.51 0.25 0.03

Model + cDBP 0.48 0.10 0.32

Model + AIx 0.46 - 0.05 0.62

* Model includes age, age of repair and use of antihypertensive medication, p<0.001.
† for added variable
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intervention with patch angioplasty is an independent predictor of a higher AIx supports this 

concept. In the patch angioplasty procedure synthetic materials are used which are less elastic 

than native tissues. This might lead to enhanced local stiffness of the aorta, which in turn could 

lead to impedance mismatch and enhanced pulse wave reflection. The subclavian flap method, 

however, is supposed to result in less rigid suture lines and give a more tension free repair of 

the coarctation. Accordingly, in univariate analysis subclavian flap repair was associated with a 

lower AIx. In contrast, Kenny and colleagues showed that compared to end-to-end anastomo-

sis, the subclavian flap method results in stiffer arteries in young children.20 The diameter of the 

ascending aorta was positively associated with AIx in univariate regression analysis. Since we 

performed a cross-sectional study we cannot determine whether the increase in aorta diameter 

is a consequence or a cause of increased wave reflection. It could be argued that with advanc-

ing age fatigue of elastic fibers in the aortic wall causes aortic stiffness, which in turn increases 

wave reflection. In line with this is a report showing that in Marfan disease and Marfan-like 

syndrome the increased AIx predicts the progression of aortic diameter.21, 22 This is relevant 

because dilatation of the aortic root, with increased risk of aortic dissection, is the leading cause 

of morbidity and mortality in Marfan patients23 and to a lesser extent this is also true for CoA 

patients.24 In contrast with a previous report by Ou and colleagues,14 no association was found 

between aortic arch morphology and wave reflection. Differences in methodology could be 

responsible for discrepancy in these findings. Age was an independent predictor of AIx in both 

multivariate regression models in CoA patients. This is in line with the positive association of AIx 

with age in the normal population.25-27 

Central hemodynamics and organ damage

Despite successful surgical repair, CoA patients have a decreased life expectancy partially 

because of accelerated atherosclerosis and associated increased risk of cardiovascular disease. 

Approximately 30% of the late deaths in CoA patients are caused by coronary artery disease 

with hypertension as the most important contributor to coronary atherosclerosis.1, 3 cIMT is 

widely used as an intermediate end point for atherosclerosis and a risk marker of cardiovascular 

disease5. It has been reported that cIMT is increased in CoA patients.7, 28 Both SBP and cSBP, 

were independently associated with increased cIMT when separately entered in a multivari-

ate regression model, which is consistent with previous findings.29 Cross-sectional population 

studies show that central blood pressure, after adjustment for age, sex and BMI, is more 

strongly related with cIMT, LVM and cardiovascular events15, 30 than peripheral blood pressure. 

Also, a Chinese population study demonstrated that cSBP was more valuable in predicting car-

diovascular mortality than peripheral blood pressure variables.16 However, in our study in CoA 

patients cSBP was not a better predictor of cIMT than SBP. Perhaps this is a sign of premature 

aging of arteries, as Wojciechowska and colleagues have shown that with ageing peripheral 

SBP approximates central SBP.31 
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The association of wave reflection with organ damage in CoA patients has to our knowledge 

not been previously assessed. We showed that AIx was associated with increased cIMT, but this 

was not independent of age, age of repair or hypertension. Not surprisingly, the strongest pre-

dictor of CIMT was age. Also age at repair was positively associated with cIMT in CoA patients, 

which corresponds to long-term follow data reporting that morbidity and mortality of CoA 

patients is favourably affected by early repair of the coarctation.3

As in the normal population, we found male gender to be associated with higher LVMI in CoA 

patients. Although hypertension is common in CoA patients and is thought to be an important 

contributor to the increased risk of cardiovascular disease, there is discussion whether LVM is 

associated with blood pressure in this patient group. De Divitiis and colleagues found a positive 

association with 24-hour ambulatory SBP32, while others found no independent association 

between LVM and blood pressure.33 Recently, Sarkola and colleagues showed that SBP was 

associated with LVM in CoA patients with stent, but not with surgical repair of the coarctation.29 

So, whether LVM truly reflects hemodynamic status in CoA patients has not been resolved. We 

found no association between blood pressure and LVM, which is in line with previous observa-

tions that left ventricular hypertrophy (LVH) can occur in the absence of hypertension34 and 

LVM does not regress to normal values after surgical repair.35 Central hemodynamics have been 

suggested to better reflect the hemodynamic status in CoA status and might therefore predict 

LVM beyond peripheral pressures.36 We found, however, no association between non-invasively 

assessed central blood pressure and LVMI. Although increased LVM seems to be associated 

with increased aortic stiffness of the reconstructed aorta6, 37 and CoA patients exhibit enhanced 

wave reflection,10 we could not demonstrate an association between wave reflection and LVM 

in these patients. It has been hypothesized that aortic coarctation is more than a stenosis in 

the aorta and is related to more extensive disease involving the left ventricle.38 The lack of 

association between hemodynamic parameters and LVM could be interpreted in this context. 

Hypertension related cardiovascular disease is an important cause of premature cardiovascular 

disease in CoA patients, but the ill effects of hypertension might not be appreciated by examin-

ing the left ventricle.

limitations Our study was cross-sectional and has all the inherent limitations. Although the 

patients were asked not to take their antihypertensive medication on the morning of the 

measurement day, it is likely that blood pressure lowering drugs have affected the peripheral 

and central blood pressure measurements to some extent. However, use of antihypertensive 

medication was not an independent predictor of AIx in multivariate analysis. We did not assess 

left ventricle function. It is possible that blood pressure is not related to LVM but is associated 

with functional aspects of the heart. Lastly, we did not use 24 hour ambulatory blood pressures, 

which might have shown different associations with organ damage.
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Perspectives Since peripheral and central SBP were equally strong predictors of cIMT and 

AIx is not independently associated with carotid atherosclerosis, the added value of assessing 

central hemodynamics in CoA patients is questionable. Since peripheral SBP independently 

predicted cIMT we emphasize the need for careful follow-up of blood pressure in CoA patients. 

Future studies should point out whether pharmacological treatment aimed at lowering blood 

pressure will lead to regression of cIMT and more importantly to a reduction of cardiovascular 

disease. 
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aBstract

Flavanol-rich cocoa products have been reported to lower blood pressure. It has been sug-

gested that theobromine is partially responsible for this effect. We tested whether consump-

tion of flavanol-rich cocoa drinks with natural or added theobromine could lower peripheral 

and central blood pressure. In a double-blind placebo-controlled three-period cross-over trial 

we assigned 42 healthy individuals (age 62±4.5 years, 32 males) with office blood pressure of 

130-159/85-99 mmHg and low added cardiovascular risk to a random treatment sequence of 

dairy drinks containing (1) placebo, (2) flavanol-rich cocoa with natural dose consisting of 106 

mg theobromine or (3) theobromine enriched flavanol-rich cocoa with 979 mg theobromine. 

Treatment duration was three weeks with a two week wash-out. The primary outcome was 

the difference in 24-hour ambulatory systolic blood pressure between placebo and active 

treatment after three weeks. The difference in central systolic blood pressure between placebo 

and active treatment was a secondary outcome. Treatment with theobromine enriched cocoa 

resulted in a mean±standard error 3.2±1.1 mmHg higher 24-hour ambulatory systolic blood 

pressure compared to placebo (p<0.01).   In contrast, two hours after theobromine enriched 

cocoa, laboratory peripheral systolic blood pressure was not different from placebo, while 

central systolic blood pressure was 4.3±1.4 mmHg lower (p<0.01). Natural dose theobromine 

cocoa did not significantly change either 24-hour ambulatory or central systolic blood pres-

sure compared to placebo. In conclusion, theobromine enriched cocoa significantly increased 

24-hour ambulatory systolic blood pressure, while lowering central systolic blood pressure. 
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introduction

The consumption of foods and beverages rich in flavanols has been associated with a decreased 

risk of cardiovascular morbidity and mortality.1-3 In western society a large proportion of flava-

nol intake is through cocoa and cocoa containing products. One of the mechanism by which 

cocoa could exert its presumed beneficial effects on cardiovascular disease is by lowering 

blood pressure (BP). There is, however, discussion about the BP lowering potential of cocoa. 

A recent meta-analysis of intervention studies looking at the BP lowering effect of flavanol-

rich cocoa found a significant reduction of 4.5 mmHg for systolic BP (SBP) and 2.5 mmHg for 

diastolic BP (DBP).4 However, most of the clinical trials in the analysis lacked adequate control 

treatment and studies that included a proper control group all showed a neutral effect on DBP 

and SBP.5-7 Besides a possible effect on peripheral (brachial) BP cocoa intake may improve 

central hemodynamics. Central BP is thought to be an important determinant of hypertensive 

organ damage and might be superior to peripheral BP in predicting cardiovascular disease.8 In 

a cross-sectional study in healthy individuals increasing amounts of cocoa consumption were 

associated with less aortic stiffness, decreased wave reflection and lower central SBP, whereas 

peripheral BP was not significantly different.9 The possible beneficial actions of cocoa on BP 

have largely been attributed to flavanols.10 Flavanols and their metabolites may reduce BP by 

angiotensin-converting-enzyme (ACE) inhibition,11 nicotinamide adenine dinucleotide phos-

phate-oxidase activity inhibition12 and stimulating the release of nitric oxide.10, 13 Additionally, 

theobromine, which is invariably present in cocoa in high concentrations, could also contribute 

to the antihypertensive effect of cocoa.14, 15 Theobromine is thought to have vasodilating 

properties by inhibition of phosphodiesterase.16

In the present study, we examined the effects of flavanol-rich cocoa drinks with natural 

dose or added theobromine versus placebo on peripheral and central BP in subjects with high-

normal blood pressure or stage I hypertension and low added risk for cardiovascular disease. 

methods

Our aim was to examine the effects of cocoa test products on peripheral and central BP in 

persons with low added cardiovascular risk and high-normal BP or stage 1 hypertension as 

this group has no immediate indication for BP lowering therapy and will benefit most from a 

possible BP lowering effects of cocoa products on a population level. 

To ensure a correct uptake of flavanols from the cocoa test product, we first assessed its 

bioavailability under similar conditions as in the efficacy study (please see supplemental data 

and figure S1 in chapter 8b). Both studies were conducted at the Academic Medical Center, 

Amsterdam. The studies were approved by the institutional review board and all participants 

gave written informed consent.
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Study participants

We included 42 healthy, male or post-menopausal female volunteers aged 40-70 years with 

high normal BP (130-139/85-89 mmHg) or stage 1 hypertension (140-159/90-99 mmHg) 

with low added risk of cardiovascular disease and not taking BP affecting medication. After 

pre-screening with a structured telephone interview, eligible participants were invited for the 

first of two screening visits. At the screening visits medical history, physical examination and a 

fasting blood sample were taken. Subjects were excluded if they had experienced a cardiovas-

cular event (stroke, transient ischemic attack, angina, myocardial infarction, heart failure), total 

cholesterol >8.0 mmol/L or lipid lowering drugs, fasting glucose >7.0 mmol/L or use of glucose 

lowering drugs, reported alcohol consumption >28 alcohol units/week, reported lactose intol-

erance, medically prescribed diet or slimming, oral medication affecting BP or when they had 

more than two of the following cardiovascular risk factors: age >55 years for men and >65 years 

for women; smoking; dyslipidemia, defined as total cholesterol > 5.0 mmol/l or low density 

lipoprotein cholesterol (LDL-c) >3.0 mmol/l or high density lipoprotein cholesterol (HDL-c) 

<1.0 mmol/l for men and <1.2 mmol/l for women or triglycerides >1.7 mmol/l; fasting glucose 

5.6-6.9 mmol/l; waist circumference >102 cm for men and >88 cm for women; family history of 

premature cardiovascular disease. We screened 85 persons to find 42 eligible participants. The 

flow of participants through the study is shown in figure 1.

Study design

The study was a double-blind placebo-controlled three-period crossover trial and was con-

ducted between November 2008 and October 2009. After baseline measurements subjects 

were assigned to a random treatment sequence of acidified milk based drinks containing (1) 

placebo, (2) flavanol-rich cocoa powder with natural dose (106 mg) theobromine (NTC) or 

(3) theobromine enriched flavanol-rich cocoa powder with high dose (979 mg) theobromine 

(TEC). Treatment duration was three weeks with a two week wash-out. Participants were 

instructed to consume 1 test drink of 200 ml daily in fasting state in the morning. Participants 

were allowed to have breakfast one hour after consumption of the test product. Test product 

allocation and order of treatment was determined by a computer-generated randomized 

schedule. Study outcome data were collected before the first treatment and after each treat-

ment period as described below. During the whole trial subjects were instructed to maintain 

their habitual diet with the following restrictions: (1) the daily intake of coffee had to be below 

4 cups, (2) the intake of chocolate was restricted to milk chocolate only and (3) on the day prior 

to the measurement days consumption of cocoa products, tea, coffee and alcohol-containing 

beverages was prohibited. Adverse events were monitored by interview after each treatment 

period. Compliance was assessed by counting empty bottles. Test products were provided 

in sequentially numbered sealed bottles. The different test products all had similar taste and 

appearance. Nutritional values of the test products are shown in the supplemental data (please 

see supplemental data table S1 in chapter 8b).
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Hemodynamic measurements

All hemodynamic measurements were performed by a single investigator (BvdB) blinded for 

treatment allocation. At the two screening visits office BP was measured 3 times at 1-minute 

intervals in sitting position at the non-dominant arm after 10 minutes rest using a validated 

oscillometric device (Omron 705IT, Omron Healthcare Europe BV, Hoofddorp, the Netherlands). 

The mean of the last 2 measurements was used for analyses. On measurement days, partici-

pants came to the hospital in fasted state. After drawing blood, they were asked to take the last 

test drink of the treatment period (except for baseline measurements) and the automatic 

ambulatory BP monitor (ABPM) was placed on the non-dominant arm. Central hemodynam-

ics and arterial stiffness were measured in supine position after 15 minutes rest directly after 








 
 
 
 
 
 
 
 
























Figure 1 Flow of participants through the study
* Possible treatment sequences were PNT, PTN, NPT, NTP, TPN and TNP (P=placebo, N=NTC and T=TEC). † 1 
subject dropped out during the first treatment period, 1 during the third treatment period. Abbreviations: 
NTC=natural dose theobromine cocoa, TEC=theobromine enriched cocoa.
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placement of the ABPM in case of the baseline measurements or two hours after consumption 

of the test product. The ABPM (Spacelabs 90207, Spacelabs Inc., Redmond, Washington, USA) 

was programmed to record BP every 15 min during the day (07:00 – 23:00 h) and every 30 

min at night (23:00 – 07:00 h). Hourly averages were calculated and the following predefined 

day and night periods were used: day 09:00-21:00 and night 0:00-6:00. The ABPM assessment 

was accepted when at least 70% of hourly averages were available for analysis. Measurements 

of central hemodynamics and pulse wave velocity (PWV), a measure of aortic stiffness, were 

performed using the SphygmoCor system (Atcor Medical Pty Ltd, West Ryde, Australia) as 

described previously.17 Briefly, pressure waveforms were recorded from the radial artery of the 

non-dominant arm using applanation tonometry with a high-fidelity micromanometer (Millar 

Instruments, Texas, USA). Laboratory brachial BP was used for calibration and the correspond-

ing central aortic waveform was generated using a generalized transfer function. Central DBP, 

SBP and augmentation index (AIx) were calculated by analysis of the central waveform. AIx 

was corrected for heart rate of 75 beats per minute (AIx@hr75). We off-line calculated baseline 

and post-treatment averaged peripheral and central pressure waves. Carotid-femoral PWV was 

assessed with the same device using the foot-to-foot method. Measurements were done in 

duplicate and means were used for analysis. Systemic hemodynamics were measured with the 

Nexfin device (BMEYE BV, Amsterdam, the Netherlands), which uses the Finapres method to 

non-invasively measure continuous finger arterial blood pressure based on a volume-clamp 

method.18 We used the third finger of the dominant arm. The device measures the mean arterial 

pressure (MAP) by taking the true integral of the arterial pressure wave over 1 beat divided by 

the corresponding beat interval. Brachial blood pressures were reconstructed from the finger 

arterial pressure.19 Stroke volume (SV) was calculated using a pulse contour method. Cardiac 

output (CO) was the product of SV and heart rate (HR), and SVR is MAP at heart level divided 

by CO. Hemodynamic parameters were assessed as the average of a three minute recording.

Laboratory analyses 

Baseline glucose and lipids were measured using standard clinical analytical equipment. Plasma 

renin activity (PRA) was determined by quantifying angiotensin I generation during incubation 

of plasma as previously described.20

Study outcomes

The primary outcome was the difference in 24-hour ambulatory SBP between placebo and 

active cocoa products after three weeks treatment. Secondary outcomes were differences 

between placebo and active treatment in 24-hour ambulatory DBP, central BP and systemic 

hemodynamics after three weeks treatment.
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Sample size and statistical analysis

On a population level a reduction of 2 mmHg in DBP or 3-4 mmHg in SBP would result in at least 

a 15% lower mortality from stroke and a 9% lower mortality from ischemic heart disease.21 We 

therefore considered a difference in SBP of 4 mmHg clinically relevant and assumed a standard 

deviation of the difference of 8.3 mmHg for ambulatory SBP.22 We calculated that 36 persons 

would be needed to detect a 4 mmHg difference between placebo and cocoa treatment with 

a power of 80% and a significance level of 0.05. To account for withdrawal and failed measure-

ments we randomised 42 subjects. Baseline data are expressed as mean plus standard devia-

tion (SD) for continuous variables and as n (%) for categorical variables. Primary and secondary 

outcome data were analyzed using linear mixed models with compound symmetry repeated 

covariance type with treatment as a fixed effect and correction for baseline measurements, 

age, gender and BMI and expressed as means plus standard error (SE) and 95% confidence 

interval (CI). Least square differences were used for pair wise comparisons. A p-value <0.05 

was considered significant. Data were analysed using SPSS software version 16.0.1 (SPSS Inc., 

Chicago, Illinois, USA). 

Role of the funding source

This investigator initiated study was sponsored by Unilever. The investigators carried out the 

study and were responsible for data retrieval and management. The investigators performed 

the data analysis and prepared the manuscript. The contractual agreement between the AMC, 

Amsterdam and Unilever allowed the sponsor to review and comment on the manuscript, but 

the investigators remained responsible for its contents and decision to submit the results for 

publication.

results

Baseline characteristics

The study group consisted of 42 persons (76% male) with a mean age of 62 years and office SBP 

and DBP of 142 / 84 mmHg. Baseline characteristics are shown in table 1.

Study outcomes

We tested for time, treatment order and carry-over effects, none of which were present. We 

performed all analyses with correction for baseline parameters and in a second model addition-

ally for age, gender and BMI. Because the differences between the two models were small, we 

here report the fully corrected model.

ambulatory blood pressure Table 2 shows the primary study outcomes. Except for a 1.2 mmHg 

higher 24-hour mean DBP in the NTC group, there were no significant differences between 
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table 1 Baseline Characteristics of Participants

Parameters mean sd

n 42

Age yrs 62 4.5

Male no (%) 32 (76%)

Office SBP mmHg 142 14.0

Office DBP mmHg 84 7.9

Height cm 177 8.1

Weight kg 82 9.0

BMI kg/m2 25.9 2.4

Fasting glucose mmol/L 4.9 0.6

TC mmol/L 5.77 0.77

LDL-c mmol/L 3.72 0.66

HDL-c mmol/L 1.55 0.42

Triglycerides mmol/L 1.06 0.41

Smoking no (%) 1 (2%)

Data are means with standard deviation (SD) or otherwise specified. Abbreviations: SBP=systolic blood 
pressure, DBP=diastolic blood pressure, BMI=body mass index, TC=total cholesterol; LDL-c=low density 
lipoprotein cholesterol; HDL-c=high density lipoprotein cholesterol

 table 2 24 hour Ambulatory Blood Pressures after Intake of Test Product

Parameter Placebo ntc tec

Placebo 
vs ntc

p-value

Placebo 
vs tec

p-value

SBP 24 hr, mmHg 123.1 (120.9-125.4) 125.4 (122.3-126.7) 126.3 (124.1-128.5) 0.22 <0.01

SBP day, mmHg 128.6 (126.0-131.1) 130.0 (127.4-132.6) 132.3 (129.7-134.8) 0.27 <0.01

SBP night, mmHg 111.8 (109.0-114.7) 113.5 (110.7-116.3) 114.4 (111.6-117.2) 0.24 0.07

DBP 24 hr, mmHg 76.0 (74.6-78.6) 77.2 (75.8-78.6) 77.3 (75.9-78.7) 0.05 0.04

DBP day, mmHg 79.8 (78.3-81.4) 81.0 (79.5-82.6) 81.7 (80.1-83.2) 0.13 0.02

DBP night, mmHg 68.1 (66.2-70.0) 69.3 (67.3-71.2) 68.8 (66.9-70.7) 0.22 0.48

HR 24 hr, bpm 66.8 (64.8-68.7) 67.2 (65.3-69.1) 70.8 (68.9-72.7) 0.55 <0.001

HR day, bpm 71.0 (68.4-73.7) 71.8 (69.1-74.4) 76.0 (73.4-78.6) 0.46 <0.001

HR night, bpm 60.6 (58.7-62.5) 60.8 (58.9-62.7) 63.4 (61.5-65.3) 0.79 0.001

Data shown are means (95% confidence interval) calculated with linear mixed model with correction for 
baseline values, age, 
gender and body mass index. Abbreviations: NTC=natural dose theobromine cocoa, TEC=theobromine 
enriched cocoa, 
SBP=systolic blood pressure, DBP=diastolic blood pressure, HR=heart rate.
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placebo and NTC treatment in ambulatory SBP or DBP for all predefined time periods. In the 

group receiving TEC, mean 24-hour ambulatory SBP and DBP were 3.2±1.1 /1.3±0.6 mmHg 

higher compared to placebo. (p<0.01/p=0.04) The increase in ambulatory SBP and DBP was 

significant for the day-time (p<0.01 and p=0.02), but not for the night-time period (p=0.07 and 

p=0.48). The mean 24-hour increase in HR was 4.0 bpm (p<0.001) after TEC treatment, whereas 

NTC had no effect. Figure 2 shows the hourly averages of SBP and DBP after intake of the test 

Figure 2a 24-hour Systolic and Diastolic Blood Pressure Profiles after Intake of Test Product
Data shown are means ±SE. Abbreviations: NTC=natural dose theobromine cocoa, TEC=theobromine 
enriched cocoa.

Figure 2b 24-hour Heart Rate Profile after Intake of Test Product 
Data shown are means±SE. Abbreviations: NTC=natural dose theobromine cocoa, TEC=theobromine 
enriched cocoa. 
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product. The SBP increment in the TEC group was present during the day, with a peak 2 to 3 

hours after intake.

central hemodynamics Central hemodynamic measurements (table 3) were performed two 

hours after intake of the test drink coinciding with the peak plasma levels of the flavanols. 

Compared to placebo central SBP and DBP were 4.3±1.4/1.1±0.8 mmHg lower in the TEC group 

(p=0.003/p=0.19). AIx was 6.7±1.4 % lower (p<0.001) in the TEC group and persisted after cor-

rection for HR (5.3±1.4 %, p<0.001). Figure 3 shows the mean peripheral and central pressure 

waves stratified for treatment. Whereas the peripheral pressure waves all show similar peak 

systolic pressures, the shape of the peripheral pressure wave is more concave and has a lower 

late systolic part. This corresponds with a reduction in wave reflection and the lower systolic 

peak of the central wave. To further examine the effect of TEC on peripheral and central BP we 

used a model of the arterial system to calculate central pressure and flow from the peripheral 

pressure waves allowing separation into backward and forward waves by waveform analysis 

(please see supplemental methods and figure S2 in chapter 8b). In the model the late systolic 

part of the forward and the magnitude of the backward wave of the TEC group were smaller 

compared to placebo. Central systolic pressure, as the resultant of the forward and backward 

table 3 Central and Systemic Hemodynamics Two Hours after Intake of Test Product

Parameter Placebo ntc tec

Placebo 
vs ntc

p-value

Placebo 
vs tec

p-value

Peripheral SBP, mmHg 137.4 (133.9-140.9) 138.7 (135.1-142.1) 137.6 (134.1-141.2) 0.39 0.88

Peripheral DBP, 
mmHg

81.6 (79.5-83.7) 81.6 (79.5-83.7) 80.3 (78.2-82.4) 1.00 0.14

Central SBP, mmHg 128.9 (125.2-132.5) 129.5 (125.9-133.2) 123.7 (120.0-127.4) 0.66 0.001

Central DBP, mmHg 82.5 (80.4-84.6) 82.6 (80.5-84.7) 81.1 (79.0-83.3) 0.89 0.14

AIx, % 27.0 (24.7-29.4) 27.6 (25.3-29.9) 20.4 (17.9-22.8) 0.70 <0.001

AIx@hr75, % 19.4 (17.0-21.7) 19.9 (17.6-22.2) 14.1 (11.8-16.5) 0.71 <0.001

PWV, m/s 8.2 (7.9-8.6) 8.5 (8.2-8.9) 8.8 (8.4-9.1) 0.04 <0.001

MAP, mmHg 99.9 (96.6-103.2) 101.9 (98.6-105.2) 99.8 (96.5-103.1) 0.18 0.96

SV, ml 82.1 (79.0-85.2) 82.3 (79.2-85.4) 78.9 (75.8-82.0) 0.87 0.02

HR, bpm 59.0 (56.6-61.4) 59.0 (56.6-61.4) 61.6 (59.2-64.0) 0.96 0.001

CO, l/min 5.0 (4.7-5.3) 5.0 (4.7-5.3) 5.0 (4.7-5.3) 0.90 0.82

SVR, dyn.s/cm5 1713 (1595-1832) 1739 (1620-1857) 1687 (1568-1806) 0.59 0.57

Data shown are means (95% confidence interval) calculated with linear mixed model with correction 
for baseline values, age, gender and body mass index. Abbreviations: NTC=natural dose theobromine 
cocoa, TEC=theobromine enriched cocoa, SBP=systolic blood pressure, DBP=diastolic blood pressure, 
AIx=augmentation index, AIx@hr75=augmentation index corrected for heart rate of 75 beats per minute, 
PWV=pulse wave velocity, MAP=nexfin mean arterial pressure, SV=stroke volume, HR=heart rate, 
CO=cardiac output, SVR=systemic vascular resistance.
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pressures, was decreased compared to placebo. PWV was significantly higher in both active 

treatment groups compared to placebo, 8.4±0.2 vs 8.7±0.1 vs 9.0±0.1 m/s for placebo, NTC and 

TEC (p<0.001). 

systemic hemodynamics Table 3 shows systemic hemodynamics. MAP was not different 

between the treatment groups. In the TEC group HR was higher and SV was lower compared to 

placebo resulting in a similar CO between the two groups. None of the active treatment groups 

had a significant effect on SVR compared to placebo. 

Pra PRA was not different after the two cocoa treatments compared to placebo, PRA was 

0.87±0.11 (95% CI 0.64-1.09)  pmol Ang I/ml/h for placebo, 0.64±0.11 (95% CI 0.41-0.86)  pmol 

Ang I/ml/h for NTC and 0.77±0.11 (95% CI 0.53-1.00)  pmol Ang I/ml/h for TEC.

Figure 3 Peripheral and Central Pressures Waves after Intake of Test Product
Abbreviations: NTC=natural dose theobromine cocoa, TEC=theobromine enriched cocoa.
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Compliance, withdrawal and adverse events

The overall compliance rate was > 99% for all treatment groups. Three out of forty-two (7%) par-

ticipants dropped out of the study. Two subjects withdrew because they experienced adverse 

events after consumption of the test product: one case of nausea and one case of headache. 

These adverse events occurred in the TEC treatment group and resolved immediately after ces-

sation of the test product. One participant was withdrawn from the study at baseline because 

sinus arrhythmia prohibited correct hemodynamic measurements. With TEC treatment 10 

subjects reported a laxative effect compared to 2 in the placebo and 2 in the NTC group. No 

serious adverse events were reported.

discussion

In this study we show that flavanol-rich cocoa drinks enriched with theobromine significantly 

increased 24-hour ambulatory SBP compared to placebo. In contrast, two hours after theo-

bromine enriched cocoa, laboratory peripheral systolic blood pressure was not different from 

placebo, while central systolic blood pressure was lower. Treatment with flavanol-rich cocoa 

drinks with natural theobromine content did not significantly change either ambulatory or 

central SBP compared to placebo in this group of middle-aged individuals with high-normal BP 

or grade I hypertension and at low added risk for cardiovascular disease. 

Normal dose theobromine cocoa 

The lack of a peripheral BP lowering effect observed in our study is in contrast with a meta-

analysis that examined the BP lowering effect of cocoa.4 The majority of the trials included in 

this meta-analysis, however, used white chocolate as a control and only three studies used a 

double blind design with adequate control treatment.5-7 This was confirmed by a summary of 

all open-label and double-blind cocoa studies showing that the BP lowering benefits of cocoa 

were confined to open label trials only.23  Contrary to this is a more recent double blind study, 

not implemented in the latter summary, showing a significant 4.2 mmHg decrease in SBP after 

30 days of treatment in 16 patients with previous coronary artery disease.24 In our study we 

were able to detect a difference of 2.6 mmHg in ambulatory SBP between groups, but found no 

effect in the NTC group; together with the findings of previous randomized double blind trials 

we therefore think that the BP lowering effect of cocoa is undetermined. An alternative expla-

nation might be the differences in the test products. The majority of the positive open label 

studies, but not all, used chocolate bars, while the negative double-blind studies used cocoa 

drinks. Possibly the chocolate matrix is essential for the blood pressure lowering effect, either 

by effects of substances in chocolate other than flavanols or by a synergistic effect between 

flavanols and these substances.
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Despite the lack of effect on peripheral BP in our trial, cocoa flavanols have been shown to 

cause NO-dependent vasodilation in the rat25 and in humans.10 It is conceivable that the effects 

of cocoa on vascular function may be counterbalanced by reflex sympathetic activation or fluid 

retention. However we consider this unlikely as we did not observe any differences in HR or 

changes in PRA in the NTC group. 

Theobromine enriched cocoa

Based on the vasodilating effects of theobromine, we and others hypothesized that theobro-

mine could be partially responsible for the presumed BP lowering effect of cocoa.15 NTC and 

TEC only differ in theobromine dose, so differences seen between these groups are caused by 

theobromine or a synergistic effect with cocoa. Unexpectedly, we observed an opposite effect 

on peripheral and central SBP in the TEC treatment group. Although HR was significantly higher 

in those receiving TEC treatment we did not observe any difference in CO or SVR between those 

receiving TEC treatment and placebo. Furthermore, PRA was similar among the treatment 

groups suggesting no significant change in volume status. Finally, we observed a small but 

significant increase in PWV in the TEC treatment group compared to placebo. 

Theobromine has been shown to exert an inhibitory effect on parasympathetic activity26 

and is a selective antagonist of the A1 adenosine receptor27: these mechanisms could explain 

the increase in HR without changes in CO or SVR in the TEC group. The increase in HR and 

PWV observed in the present study results in a forward wave that is larger in amplitude, but 

more concave in shape (please see supplemental data). The higher forward wave results in a 

higher peripheral peak systolic pressure. Although the proposed mechanisms may explain 

the increase in SBP and HR, the observed decrease in central SBP needs further explanation.

The lower central SBP can be explained by a decrease in wave reflection. AIx, as a measure of 

wave reflection, is principally determined by HR, arterial stiffness and reflection site.28, 29 The 

difference in AIx between TEC and placebo remained after correction for HR and HR therefore 

cannot fully explain the observed effect. The increase in arterial stiffness that was observed 

in the TEC group would amplify rather than diminish AIx. Thus a likely explanation for the 

decrease in AIx is a shift of the reflection site away from the heart. Theobromine is thought to 

have an endothelium independent vasodilating effect by inhibiting the breakdown of cAMP 

in the arterial smooth muscle cell.16 This vasodilation could alter the reflection site and lower 

the AIx and central BP, while having less effect on peripheral BP. In the Conduit Artery Function 

Evaluation (CAFE) study, calcium channel blocker (CCB)/ACE inhibitor treatment compared to 

beta-blocker/diuretic treatment lowered peripheral BP to the same extent, while central BP and 

AIx decreased more in the CCB/ACE inhibitor group.30 In line with this, our wave separation 

model showed a lower magnitude of the backward wave after TEC treatment consistent with 

decreased wave reflection as a result of vasodilation. When combined with the more concave 

forward wave, due to the increase in HR, this results in a lower central pressure. Differential 

effects on peripheral and central pressure have also been described for dobutamine, which is 
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a positive chronotropic and a vasodilatory agent. Increasing doses of dobutamine in patients 

undergoing coronary angiography for the evaluation of coronary heart disease significantly 

increased peripheral BP while decreasing AIx and central SBP.31

In contrast to the 24-hour blood pressure increase, two hours after intake of TEC laboratory 

blood pressure was not different compared to placebo. Although laboratory blood pressure 

was not a predefined outcome measure of this study and our study was not powered to 

demonstrate differences in laboratory peripheral blood pressure, it is conceivable that a small 

theobromine induced sympathetically mediated rise in blood pressure was obscured by a 

larger white coat effect that is inherent to laboratory blood pressure readings.

The treatment with TEC caused an increase in adverse events, most notably a laxative effect. 

Adenosine is known to inhibit the motility of the colon; adenosine antagonism leads to stimula-

tion of colon motility and would explain the adverse events observed in our study.32 

limitations There are some limitations of our study that deserve attention. The lack of a BP 

lowering effect after consumption of flavanol-rich cocoa drinks with naturally occurring 

theobromine could be explained by the content and bioavailability of the flavanols. The test 

products used in our trial consisted of acidified milk drinks with cocoa powder. It has previously 

been shown that dissolving cocoa powder in milk does not change flavanols bioavailability33. 

Our bioavailability study (please see supplemental data in chapter 8b) confirmed the uptake 

of flavanols under similar conditions as in this trial. The amount of epicatechin used in our 

test product was 25 mg with NTC and 24 mg with TEC treatment. Epicatechin is believed to 

contribute to the vascular effects of cocoa by its ability to stimulate NO release from the endo-

thelium.34 Two short term open label studies that have demonstrated a BP lowering effect of 

cocoa products used 66 mg of epicatechin,35, 36 and a third study used 5.1 mg of epicatechin 

for a treatment period of 18 weeks.37 Although another double-blind cocoa study using 174 

mg of epicatechin failed to demonstrate a BP lowering effect after two weeks,6  we cannot 

exclude that the amount of epicatechin and the treatment period may have contributed to the 

lack of a BP lowering effect observed in our study. Central hemodynamic parameters, contrary 

to the ambulatory BP, were measured two hours after intake of the test product, which limits 

the comparison of the two modalities. Finally, intake of flavanols in our study was controlled 

by asking the participants not to change their diet except for refraining from the intake of 

dark chocolate. Subjects could have unknowingly consumed more or less flavanols during a 

particular treatment period. Since treatment was blinded and randomised, it is unlikely that this 

could have affected the outcome of the study.

conclusion Flavanol-rich cocoa drinks enriched with theobromine significantly increased 

24-hour ambulatory SBP in a group of middle-aged subjects with high-normal BP or grade I 

hypertension and low added risk of cardiovascular disease. Despite an increased peripheral 

SBP, central SBP was lower two hours after consumption of theobromine enriched cocoa drinks. 
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Compared to placebo we could not demonstrate any effect of the flavanol-rich cocoa product 

with normal theobromine content on SBP. 

Perspectives Although there are several epidemiological studies that demonstrate a lower risk 

of cardiovascular disease with increasing amounts of cocoa intake possibly through lowering 

peripheral BP, the majority of adequately controlled cocoa intervention trials have not been 

able to confirm this. Our results add to these findings by showing no effect of cocoa contain-

ing natural theobromine content on peripheral SBP using ABPM. We consider the differential 

effects of TEC on peripheral and central SBP remarkable. The possibly higher prognostic value 

of central blood pressure over peripheral pressure is observed in a limited number of studies, 

while there is an overwhelming amount of evidence showing a decrease in mortality with 

peripheral blood pressure lowering. Whether the central blood pressure lowering effect could, 

at least in part, be responsible for the presumed beneficial actions of cocoa on cardiovascular 

disease remains to be determined. 



Ch
ap

te
r 8

a

128

reFerences

 1.  Hertog MG, Feskens EJ, Hollman PC, Katan MB, Kromhout D. Dietary antioxidant flavonoids and risk 
of coronary heart disease: the Zutphen Elderly Study. Lancet. 1993;342:1007-1011.

 2.  Buijsse B, Feskens EJ, Kok FJ, Kromhout D. Cocoa intake, blood pressure, and cardiovascular mortality: 
the Zutphen Elderly Study. Arch Intern Med. 2006;166:411-417.

 3.  Buijsse B, Weikert C, Drogan D, Bergmann M, Boeing H. Chocolate consumption in relation to blood 
pressure and risk of cardiovascular disease in German adults. Eur Heart J. 2010;31:1616-1623.

 4.  Desch S, Schmidt J, Kobler D, Sonnabend M, Eitel I, Sareban M, Rahimi K, Schuler G, Thiele H. Effect of 
cocoa products on blood pressure: systematic review and meta-analysis. Am J Hypertens. 2010;23:97-103.

 5.  Crews WD, Jr., Harrison DW, Wright JW. A double-blind, placebo-controlled, randomized trial of the 
effects of dark chocolate and cocoa on variables associated with neuropsychological functioning and 
cardiovascular health: clinical findings from a sample of healthy, cognitively intact older adults. Am J 
Clin Nutr. 2008;87:872-880.

 6.  Muniyappa R, Hall G, Kolodziej TL, Karne RJ, Crandon SK, Quon MJ. Cocoa consumption for 2 wk 
enhances insulin-mediated vasodilatation without improving blood pressure or insulin resistance in 
essential hypertension. Am J Clin Nutr. 2008;88:1685-1696.

 7.  Murphy KJ, Chronopoulos AK, Singh I, Francis MA, Moriarty H, Pike MJ, Turner AH, Mann NJ, Sinclair 
AJ. Dietary flavanols and procyanidin oligomers from cocoa (Theobroma cacao) inhibit platelet func-
tion. Am J Clin Nutr. 2003;77:1466-1473.

 8.  Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, Umans JG, Howard BV. Central pressure 
more strongly relates to vascular disease and outcome than does brachial pressure: the Strong Heart 
Study. Hypertension. 2007;50:197-203.

 9.  Vlachopoulos CV, Alexopoulos NA, Aznaouridis KA, Ioakeimidis NC, Dima IA, Dagre A, Vasiliadou C, 
Stefanadi EC, Stefanadis CI. Relation of habitual cocoa consumption to aortic stiffness and wave 
reflections, and to central hemodynamics in healthy individuals. Am J Cardiol. 2007;99:1473-1475.

 10.  Fisher ND, Hughes M, Gerhard-Herman M, Hollenberg NK. Flavanol-rich cocoa induces nitric-oxide-
dependent vasodilation in healthy humans. J Hypertens. 2003;21:2281-2286.

 11.  Actis-Goretta L, Ottaviani JI, Fraga CG. Inhibition of angiotensin converting enzyme activity by 
flavanol-rich foods. J Agric Food Chem. 2006;54:229-234.

 12.  Schewe T, Steffen Y, Sies H. How do dietary flavanols improve vascular function? A position paper. 
Arch Biochem Biophys. 2008;476:102-106.

 13.  Ramirez-Sanchez I, Maya L, Ceballos G, Villarreal F. (-)-epicatechin activation of endothelial cell endothe-
lial nitric oxide synthase, nitric oxide, and related signaling pathways. Hypertension. 2010;55:1398-1405.

 14.  Cooper KA, Campos-Gimenez E, Jimenez AD, Rytz A, Nagy K, Williamson G. Predictive relationship 
between polyphenol and nonfat cocoa solids content of chocolate. J Agric Food Chem. 2008;56:260-265.

 15.  Kelly CJ. Effects of theobromine should be considered in future studies. Am J Clin Nutr. 2005;82:486-487.
 16.  Kamphuis J, Smits P, Thien T. Vascular effects of pentoxifylline in humans. J Cardiovasc Pharmacol. 

1994;24:648-654.
 17.  Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method for estimating ascending aortic 

pressure from the radial artery pressure waveform. Hypertension. 2001;38:932-937.
 18.  Eeftinck Schattenkerk DW, van Lieshout JJ, van den Meiracker AH, Wesseling KR, Blanc S, Wieling W, 

van Montfrans GA, Settels JJ, Wesseling KH, Westerhof BE. Nexfin noninvasive continuous blood pres-
sure validated against Riva-Rocci/Korotkoff. Am J Hypertens. 2009;22:378-383.

 19.  Guelen I, Westerhof BE, Van Der Sar GL, van Montfrans GA, Kiemeneij F, Wesseling KH, Bos WJ. Validation 
of brachial artery pressure reconstruction from finger arterial pressure. J Hypertens. 2008;26:1321-1327.

 20.  Campbell DJ, Nussberger J, Stowasser M, Danser AH, Morganti A, Frandsen E, Menard J. Activity assays 
and immunoassays for plasma Renin and prorenin: information provided and precautions necessary 
for accurate measurement. Clin Chem. 2009;55:867-877.



Peripheral and central blood pressure after cocoa 129

 21.  Cook NR, Cohen J, Hebert PR, Taylor JO, Hennekens CH. Implications of small reductions in diastolic 
blood pressure for primary prevention. Arch Intern Med. 1995;155:701-709.

 22.  Beltman FW, Heesen WF, Kok RH, Smit AJ, May JF, de Graeff PA, Havinga TK, Schuurman FH, van d, V, 
Lie KI, Meyboom-de JB. Predictive value of ambulatory blood pressure shortly after withdrawal of 
antihypertensive drugs in primary care patients. BMJ. 1996;313:404-406.

 23.  Egan BM, Laken MA, Donovan JL, Woolson RF. Does dark chocolate have a role in the prevention and 
management of hypertension?: commentary on the evidence. Hypertension. 2010;55:1289-1295.

 24.  Heiss C, Jahn S, Taylor M, Real WM, Angeli FS, Wong ML, Amabile N, Prasad M, Rassaf T, Ottaviani 
JI, Mihardja S, Keen CL, Springer ML, Boyle A, Grossman W, Glantz SA, Schroeter H, Yeghiazarians Y. 
Improvement of endothelial function with dietary flavanols is associated with mobilization of circu-
lating angiogenic cells in patients with coronary artery disease. J Am Coll Cardiol. 2010;56:218-224.

 25.  Karim M, McCormick K, Kappagoda CT. Effects of cocoa extracts on endothelium-dependent relax-
ation. J Nutr. 2000;130:2105S-2108S.

 26.  Usmani OS, Belvisi MG, Patel HJ, Crispino N, Birrell MA, Korbonits M, Korbonits D, Barnes PJ. Theobro-
mine inhibits sensory nerve activation and cough. FASEB J. 2005;19:231-233.

 27.  Carney JM, Wu C, Logan L, Rennert OM, Seale TW. Differential antagonism of the behavioral depres-
sant and hypothermic effects of 5’-(N-ethylcarboxamide) adenosine by theobromine. Pharmacology 
Biochemistry and Behavior. 1986;25:769-773.

 28.  Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The influence of heart rate on 
augmentation index and central arterial pressure in humans. J Physiol. 2000;525:263-270.

 29.  Williams B, Lacy PS. Impact of heart rate on central aortic pressures and hemodynamics: analysis from the 
CAFE (Conduit Artery Function Evaluation) Study: CAFE-Heart Rate. J Am Coll Cardiol. 2009;54:705-713.

 30.  Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D, Hughes AD, Thurston H, O’Rourke 
M. Differential impact of blood pressure-lowering drugs on central aortic pressure and clinical 
outcomes: principal results of the Conduit Artery Function Evaluation (CAFE) study. Circulation. 
2006;113:1213-1225.

 31.  Smulyan H, Mukherjee R, Sheehe PR, Safar ME. Cuff and aortic pressure differences during dobutamine 
infusion: A study of the effects of systolic blood pressure amplification. Am Heart J. 2010;159:399-405.

 32.  Fornai M, Antonioli L, Colucci R, Ghisu N, Buccianti P, Marioni A, Chiarugi M, Tuccori M, Blandizzi C, Del 
TM. A1 and A2a receptors mediate inhibitory effects of adenosine on the motor activity of human 
colon. Neurogastroenterol Motil. 2009;21:451-466.

 33.  Roura E, Andres-Lacueva C, Estruch R, Mata-Bilbao ML, Izquierdo-Pulido M, Waterhouse AL, Lamuela-
Raventos RM. Milk does not affect the bioavailability of cocoa powder flavonoid in healthy human. 
Ann Nutr Metab. 2007;51:493-498.

 34.  Schroeter H, Heiss C, Balzer J, Kleinbongard P, Keen CL, Hollenberg NK, Sies H, Kwik-Uribe C, Schmitz 
HH, Kelm M. (-)-Epicatechin mediates beneficial effects of flavanol-rich cocoa on vascular function in 
humans. Proc Natl Acad Sci U S A. 2006;103:1024-1029.

 35.  Grassi D, Lippi C, Necozione S, Desideri G, Ferri C. Short-term administration of dark chocolate is 
followed by a significant increase in insulin sensitivity and a decrease in blood pressure in healthy 
persons. Am J Clin Nutr. 2005;81:611-614.

 36.  Grassi D, Necozione S, Lippi C, Croce G, Valeri L, Pasqualetti P, Desideri G, Blumberg JB, Ferri C. Cocoa 
reduces blood pressure and insulin resistance and improves endothelium-dependent vasodilation in 
hypertensives. Hypertension. 2005;46:398-405.

 37.  Taubert D, Roesen R, Lehmann C, Jung N, Schomig E. Effects of low habitual cocoa intake on blood 
pressure and bioactive nitric oxide: a randomized controlled trial. JAMA. 2007;298:49-60.





chapter 8b

Supplemental data to Effect  
on peripheral and central blood  

pressure of cocoa with natural  
or high dose theobromine:  

a randomised double-blind  
cross-over trial

Bas van den Bogaard
Richard Draijer

Berend E Westerhof
Anton H van den Meiracker

Gert A van Montfrans
Bert-Jan H van den Born

Hypertension 2010; 56: 839-46 online supplemental data



Ch
ap

te
r 8

b

132

BioavailaBility study

study desiGn

We recruited twelve healthy male volunteers (aged 22±2 yrs) by advertisement. After a three day 

polyphenolic poor diet (consumption of tea, wine and chocolate was not allowed) the subjects 

consumed in a fasting state an acidified milk based test drink with cocoa containing 500 mg of 

polyphenols. We draw blood before (t=0) and ½, 1, 1½, 2, 3, 4, 6 and 8 hours after consumption 

of the test product for kinetic profiles by determining plasma concentrations of epicatechin 

(EC), (-)-catechin (C), and the microbial products of catechins 5-(3,4-dihydroxyphenyl)-γ-

valerolactone (V1) and 5-(3-methoxy-4-hydroxyphenyl)-γ-valerolactone (V2). Furthermore we 

collected 24-hours urine to measure accumulation of EC and C. 

laBoratory analysis

Plasma catechins were measured by high performance liquid chromatography-multiple reac-

tion monitoring-mass spectrometry (HPLC-MRM-MS), urine accumulation of catechins was 

determined using gas chromatography-mass spectrometry (GC-MS). Sample preparation: To a 

200 µl plasma or 24-h urine sample,  20 µl 10% ascorbic acid containing 0.1% EDTA and 20 µl 1.5 

M NaOAc (pH 4.8), 10 ng internal standard (taxifolin / ethylgallate), and 500 units glucuronidase 

was added, mixed and incubated at 37 °C for 45 min. Then 300 µl water, 10 ul 2 N HCl and 1 ml 

EtOAc was added and vortexed for 30 sec, followed by centrifugation at 3000 x g for 10 min. The 

EtOAc fraction was collected and the extraction was repeated twice. All samples were analyzed 

by HPLC-MRM-MS using calibration standards from 0 to 500 ng/ml. Note that methylated forms 

of catechins will not be detected with this preparation.

results

Prior to consumption of the cocoa test product plasma concentrations of EC, C, V1 and V2 were 

virtually not detectable. Plasma concentrations of EC and C increased significantly, reaching 

peak values of 63 and 4.7 µg/L within one hour after consumption of the cocoa product (see 

supplemental figure S1). V1 and V2 increased more gradually, still rising 8 hours after test 

product consumption (54 and 2 µg/L at t=8 h). The measured EC concentrations are similar to 

the values reported in literature.1 Forty grams of chocolate, containing 892 mg polyphenols, 

increased EC plasma concentrations to max 111 µg/L two hours after consumption of the 

chocolate. Peak values of EC in the chocolate study may have shifted due to gradual stomach 
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emptying of the high fat and sugar product. In the present study, the rapid metabolization of 

the catechins was reflected in elevated urinary excretion of EC (165 mg in 24 h) and C (10 mg 

in 24 h) after consumption of the cocoa test product compared to a placebo product (1 and 2 

mg, respectively). 

WaveForm seParation analysis

methods

We used a model of the human total arterial system as described previously,2 which is based on 

the original model published by Westerhof et al.3 In short, the model consists of 121 segments 

of artery. Each segment is based on Womersley’s oscillatory flow theory, and the wall material 

is viscoelastic.4 The local peripheries are modelled with Windkessels.5,6 With the model pres-

sure and flow at any location in the arterial tree can be calculated from another location. We 

used radial pressure waves measured with applanation tonometry and calibrated with brachial 

blood pressure to derive aortic pressure and flow as calculated by the model for the mean 

baseline, placebo, NTC and TEC pressure waves. Backward and forward waves were separated 

with waveform analysis as described by Westerhof et al.7 Effects of higher PWV in the TEC group 

were not modelled. 

supplemental Figure s1 Plasma Concentrations of Catechin, Epicatechin and Valerolactone after 
Consumption of Acidified Milk Drinks with Cocoa Containing 500 mg Polyphenols.
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supplemental Figure s2 Total Pressure, Forward, Backward Waves after Intake of Test Product.
The upper panel shows the central aortic pressure wave per treatment group, The lower panel shows 
forward and backward waves. 

supplemental table s1 Nutritional Content of the Acidified Milk Based Test Drinks per 200 gram

content per dose Placebo ntc tec

Cocoa powder* g 0 0.36 0.36

Energy kcal 72 84 90

Total fat g 2.7 3.1 3.0

Carbohydrates g 10.4 11.2 11.4

Protein g 1.6 3.0 4.2

Total Polyphenols mg 0 500 558

Flavanols (1-10 units)‡ $ mg 0 305 340

Catechin‡ mg 0 13.4 13.6

Epicatechin‡ mg 0 25 24

Caffeine‡ mg 0 10.4 10.2

Theobromine|| mg 0 106 979

Abbreviations: NTC=natural dose theobromine cocoa, TEC=theobromine enriched cocoa. *ActicoaTM 
cocoa powder (Barry Callebaut, Belgium), †Gallic-acid equivalents using the Folin-Ciocalteu method and 
an acidified methanol extraction; ‡Measured by HPLC, $61% of total polyphenols, || Measured by H NMR
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aBstract

introduction Sodium nitroprusside and labetalol are recommended for the immediate treat-

ment of malignant hypertension. Both intravenous agents have different effects on systemic 

hemodynamics and they might have differential effects on pulse wave reflection and pulse 

pressure amplification with consequences for peripheral versus central blood pressures. 

methods We studied 8 patients treated with sodium nitroprusside (44±14 yrs, 6 males, 

225±22/135±8 mmHg) and 6 patients with intravenous labetalol (39±15 yrs, 4 males, 

232±22/138±17 mmHg) before and after treatment, aiming at a 25% reduction in mean arterial 

pressure. We measured peripheral pressures using an intra-arterial catheter in the radial artery 

and derived central pressures by a generalized transfer filter. 

results Mean arterial pressure was similarly reduced with sodium nitroprusside and labetalol 

(27 and 30 %, p=0.76). There was a non-significant greater reduction in peripheral systolic blood 

pressure with labetalol compared to sodium nitroprusside (29±11 vs 18±7 %, p=0.08). The 

decline in peripheral diastolic pressure was comparable, whereas the reduction in peripheral 

pulse pressure was 8±16 % with sodium nitroprusside and 33±17 % with labetalol (p= 0.01). 

The decline in reflection magnitude was larger with sodium nitroprusside than labetalol treat-

ment. There were no significant differences in central blood pressure reduction. Pulse pressure 

amplification increased with sodium nitroprusside, but did not change with labetalol. 

conclusion We found no difference in central systolic and pulse pressure between sodium 

nitroprusside and labetalol, whereas labetalol gave a greater reduction in peripheral systolic 

and pulse pressure during the immediate treatment of malignant hypertension. 
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introduction

Malignant hypertension is a hypertensive emergency defined by a severe elevation of blood 

pressure accompanied by bilateral grade III and IV retinopathy according to the Keith, Wagener 

and Barker classification.1 Patients with malignant hypertension should receive immediate 

antihypertensive treatment, because of high risk of renal failure, stroke, myocardial infarction 

and heart failure. However, this should be done with caution since in malignant hyperten-

sion cerebral autoregulation, which is the capacity of the cerebral vasculature to maintain a 

stable cerebral blood flow, is impaired and during an acute lowering of blood pressure, middle 

cerebral artery blood velocity decreases considerably.2, 3 Immediate reductions in mean arterial 

pressure (MAP) of more than 50% have been associated with cerebral ischemia, stroke and 

death.4, 5 Therefore, to prevent hypoperfusion of the brain, the consensus is to pursue a MAP 

reduction of no more than 25% in the acute phase.6-8 Sodium nitroprusside (SNP) and labetalol 

are recommended as first line therapy for the immediate treatment of malignant hypertension. 

Both intravenous agents are effective in lowering blood pressure, but have different effects on 

systemic hemodynamics: SNP, a nitric oxide donor, lowers blood pressure mainly by decreasing 

systemic vascular resistance, while cardiac output is increased because of increase in heart rate 

without a significant change in stroke volume. With labetalol, a selective α1-adrenergic and a 

nonselective β-adrenergic receptor antagonist, the reduction in systemic vascular resistance is 

modest, with a decline in cardiac output by a reduction in heart rate.2

Clinically, treatment is guided by blood pressure measurements from an intra-arterial cath-

eter placed in the radial artery. It has been recognized, however, that antihypertensive drugs 

differ in their capacity to lower central blood pressure, while their effects on peripheral blood 

pressure may be similar. Vasodilatory antihypertensive drugs such as calcium channel blockers 

and angiotensin converting enzyme inhibitors lower central blood pressure more than thiazide 

diuretics and (first and second generation) beta blockers despite similar reductions in periph-

eral blood pressure.9 These differences are attributed to differential effects on heart rate and 

systemic vascular resistance causing altered wave reflection patterns. To our knowledge, the 

differential effects of antihypertensive drugs on peripheral and central blood pressures have 

not been studied in malignant hypertension. 

We therefore assessed the effects of SNP and labetalol on peripheral and central systolic and 

pulse pressures and on pulse wave reflection and pulse pressure amplification during treat-

ment of patients with malignant hypertension, while aiming at 25% reduction in MAP.
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methods

Study design and treatment

We studied 14 patients fulfilling the WHO criteria for malignant hypertension: severely elevated 

blood pressure accompanied by grade III or IV hypertensive retinopathy according to the Keith, 

Wagener and Barker classification. All patients were admitted to the medium care unit of the 

Academic Medical Center, Amsterdam, for intravenous treatment and continuous blood pres-

sure monitoring in the radial artery. Aiming at a MAP reduction of approximately 25% below 

the presenting value, the first 8 patients were treated with SNP and the last 6 patients were 

treated with labetalol. The treatment protocol has been described previously.2, 3 In short, SNP 

infusion was started at 0.3 μg/kg/min, increased to 0.5 μg/kg/min after 5 minutes and, from 

then on, by 0.5 μg/kg/min every 5 minutes until target MAP was reached (with a maximum 

of 5 μg/kg/min). Labetalol was administered as bolus of 0.5 mg/kg every 8 minutes with a 

maximum of 200 mg. When the desired MAP was reached, a continuous infusion of 20 mg/hour 

was given. All patients gave written informed consent. The study was approved by the Medical 

Ethics Committee of the Academic Medical Center, Amsterdam.

Hemodynamic measurements

Peripheral systolic (pSBP), diastolic (pDBP), pulse pressure (pPP) and mean arterial pressure 

(MAP) were measured with an intra-arterial catheter (1.1-mm ID, 20 gauge) placed in the radial 

artery. We compared a 3 minute interval of hemodynamic data at baseline to the instant when 

the desired reduction in MAP was reached. Central aortic systolic (cSBP) and pulse pressure 

(cPP) were derived off-line with a generalized pressure transfer filter as previously described.10, 

11 Since peripheral and central values for MAP and DBP are more or less similar, we only report 

peripheral MAP and DBP. Pulse pressure amplification (PPA) was defined as pPP/cPP. Waveform 

separation by dedicated software programmed in Mathematica (Wolfram Research, Inc., 

Mathematica, Version 4.0, Champaign, IL) was applied on the calculated central aortic pressure 

waves to derive forward (Pf ) and backward pressure (Pb) waves. Reflection magnitude (RM),12 

as a measure of wave reflection, was the ratio of the amplitudes of Pb and Pf.

Statistical analysis

Baseline data are expressed as mean plus standard deviation (SD) for continuous variables and 

as n (%) for categorical variables. Because of the small sample size we conservatively used non-

parametric tests. Within-treatment group differences between baseline and end of treatment 

were tested using Wilcoxon signed rank test. Since blood pressures before treatment differed 

between the treatment groups, we normalised the baseline data and compared calculated 

percent changes in outcome parameters compared them to baseline. The Wilcoxon rank sum 

test was used to assess percent changes between the SNP and labetalol treatment group. We 
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considered a p-value < 0.05 significant. Data were analysed using SPSS software version 16.0.1 

(SPSS Inc., Chicago, Illinois, USA). 

results

Baseline characteristics

Baseline characteristics are shown in table 1. There were no significant differences in age, sex, 

BMI and blood pressure between the SNP and labetalol treated groups at baseline. 

Peripheral and central blood pressures

Table 2 shows the absolute blood pressures before and after treatment. The reduction in MAP 

was similar with SNP and labetalol (27 vs 30 %, p=0.76). All peripheral and central blood pres-

sures parameters significantly decreased compared to baseline during treatment with SNP and 

labetalol. In figure 1 percent changes in peripheral and central systolic and pulse pressure are 

shown for both treatment groups. There was a trend towards a greater reduction in pSBP with 

labetalol compared to SNP (29±11 vs 18±7 %, p=0.08). pPP declined by 8±16 % with SNP and 

33±17 % with labetalol (p=0.01). The change in DBP was not different between SNP and labet-

alol (25±8 vs 27±11 %, p=0.76). For central blood pressure there were no significant differences 

between SNP and labetalol. cSBP decreased by 27±9 % in the SNP treatment group  compared 

to 29±11 % in the labetalol treatment group (p=0.76); for cPP the decrease was 35±11 and 

34±18 % respectively (p=0.85). PPA increased by 0.5±0.3 after SNP, while it did not change after 

labetalol. In both treatment groups RM decreased significantly from baseline to after treatment. 

The decline in RM was larger with SNP than labetalol treatment (0.24±0.1 vs 0.07±0.1, p<0.01).

table 1 Baseline Characteristics of Participants

Parameters snP labetalol p-value

n 8 6

Age, yr 44±14 39±15 0.57

Male, no (%) 6 (75) 4 (67) 0.73

BMI, kg/m2 24±2 25±4 0.62

SBP, mmHg 225±22 232±22 0.95

DBP, mmHg 135±8 138±17 0.85

MAP, mmHg 162±11 170±18 0.76

Data are means with standard deviation (SD) or otherwise specified. Abbreviations: SNP=sodium 
nitroprusside; BMI=body mass index; SBP=systolic blood pressure, DBP=diastolic blood pressure, 
MAP=mean arterial pressure.
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Figure 1 
Percentage change ±SD in peripheral systolic blood pressure (pSBP), peripheral pulse pressure (pPP), 
central systolic blood pressure (cSBP) and central pulse pressure (cPP) for sodium nitroprusside in black 
and labetalol in grey bars.

table 2 Peripheral and central blood pressures before and after treatment

Parameters
snP labetalol

Before after Before after

pSBP, mmHg 222±20 182±15* 233±18 164±27*

pPP, mmHg 102±19 91±13* 95±13 64±21*

DBP, mmHg 121±18 91±18* 138±16 101±12*

MAP, mmHg 156±16 114±16* 169±18 119±15*

HR, min-1 86±20 104±18* 98±20 72±13*

cSBP, mmHg 204±23 148±11* 202±17 144±25*

cPP, mmHg 79±19 50±7* 66±10 44±16*

PPA 1.3±0.3 1.8±0.2* 1.5±0.2 1.5±0.2

RM, % 0.69±0.1 0.45±0.1* 0.67±0.1 0.60±0.2*

Table 2 shows mean±SD peripheral and central blood pressures before and after treatment with sodium 
nitroprusside (SNP) and labetalol. Abbreviations: p=peripheral, c=central, SBP=systolic blood pressure, 
DBP=diastolic blood pressure, PP=pulse pressure, MAP=mean arterial pressure, HR=heart rate, PPA=pulse 
pressure amplification, RM=reflection magnitude. * p<0.05 before vs after treatment.
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discussion

The treatment of malignant hypertension calls for immediate lowering of blood pressure. 

Guidelines advice to lower MAP by 25%, because larger reductions of MAP have been associ-

ated with symptomatic hypoperfusion of the brain, resulting in cerebral damage and even 

death.4, 5 A new finding is that during the treatment of malignant hypertension, aiming at a 

25% reduction in MAP, there were no differences in central systolic and pulse pressure between 

labetalol and SNP. In contrast, labetalol gave a greater reduction in peripheral systolic and pulse 

pressure than treatment with SNP. Pulse pressure amplification therefore increased with SNP, 

but not with labetalol. One explanation for this phenomenon is that with SNP wave reflection 

decreased, while there was no change with labetalol.

We previously showed that in the treatment of malignant hypertension SNP decreases sys-

temic vascular resistance with 43%, while for a similar blood pressure reduction labetalol lowers 

systemic vascular resistance by 13% and lowered cardiac output by reducing heart rate.2 In the 

current study we show that these differences in hemodynamics did not lead to differences in 

percent change in cSBP and cPP when aiming at a 25% reduction in MAP. There were however 

differences in peripheral blood pressure: labetalol lowered pSBP and pPP more than SNP. 

Differences in peripheral and central blood pressure lowering capacity between antihyper-

tensive drug classes are attributed to differential effects on heart rate and systemic vascular 

resistance causing altered wave reflection patterns. In the Conduit Artery Function Evaluation 

(CAFE) study, randomisation between the beta-blocker/thiazide diuretic based treatment and 

calcium channel blockers/angiotensin converting enzyme inhibitors showed similar reductions 

in peripheral blood pressures, while the latter treatment regimen provided lower central blood 

pressures.9 Moreover, the treatment group receiving calcium channel blockers/angiotension 

converting enzyme inhibitors showed a significant reduction in major cardiovascular end-

points compared to the beta-blocker/thiazide diuretic based treatment regimen.13  Evidence is 

mounting that central blood pressure has better predictive value of organ damage en cardio-

vascular mortality.14, 15 Ochi and colleagues showed that central systolic blood pressure but not 

peripheral blood pressure was associated with cerebral small vessel disease.16 Also, central sys-

tolic blood pressure was better at predicting white matter lesions that peripheral systolic blood 

pressure.17 In malignant hypertension cerebral autoregulation is impaired and systemic blood 

pressure reductions are transferred to cerebral blood flow almost one on one,3 thus supporting 

the clinical relevance of effects of antihypertensive agents on arterial pulse wave reflection. 

PPA as the ratio of pPP and cPP decreased during SNP treatment, but not with labetalol. Since 

cPP was equally lowered with the two treatment modalities, the difference in PPA seems largely 

attributable to the change in pPP. PPA is the physiological phenomenon that describes the 

increase in pulse pressure from central to peripheral arteries, because of regional differences 

in arterial compliance. Both the increase in PPA and the decrease in RM during SNP treatment 

likely reflect the decrease in systemic vascular resistance and/or the increase in heart rate, since 
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it has been shown that PPA and wave reflection are heart rate dependent.18, 19 Depending 

on the choice of antihypertensive agents, peripheral arterial pressure do not fully appreciate 

central pulsatile blood pressure components. In the labetalol group, the proportional reduction 

in peripheral and central PP can be appreciated form the unchanged PPA. On the other hand, 

when treatment with SNP would have been targeted at SBP, central pressure would have been 

lower than desired because of the increase in PPA. Since in this study treatment was targeted at 

MAP this was not a clinical problem.

Besides in malignant hypertension, cerebral autoregulation is also impaired in ischemic 

stroke20 and preeclampsia,21 clinical conditions that require prompt blood pressure lowering 

treatment. Current recommendations for stroke and pre-eclampsia however are targeted at 

reducing peripheral systolic blood pressure. When targeting peripheral blood pressure central 

blood pressure, as a surrogate of cerebral perfusion pressure, might unintentionally be lowered 

even further, depending on the antihypertensive agent used. Under the conditions of impaired 

cerebrovascular autoregulatory capacity a reduction in blood pressure may provoke cerebral 

hypoperfusion.

limitations The following points merit consideration. For obvious reasons treatment with 

labetalol and SNP cannot be blinded and randomised for. Furthermore, inherent to the inci-

dence of malignant hypertension, patient groups were small with some differences in baseline 

blood pressure between treatment groups. Importantly, the relative reduction in MAP with 

labetalol versus SNP was of comparable magnitude, enabling to adequately compare the 

cardiovascular effects.

conclusion  During the immediate treatment of malignant hypertension, while aiming at a 

25% MAP reduction, we found no differences in central systolic and pulse pressures between 

SNP and labetalol. However, with labetalol, but not SNP, central blood pressure is well reflected 

by peripheral blood pressure because PPA and RM did not change. So, depending on the choice 

of antihypertensive drug central pulsatile blood pressure components are not fully appreciated 

when looking at peripheral pressures. This may be relevant when choosing blood pressure 

targets for antihypertensive therapy, especially in situations where cerebral autoregulation is 

impaired.
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aBstract

Background Carvedilol might be superior to metoprolol in lowering blood pressure in heart 

failure patients. We compared the effects of carvedilol and metoprolol on peripheral and 

central blood pressure in heart failure patients and assessed whether common functional 

beta2-adrenergic receptor haplotypes mediate treatment response. 

methods In this crossover study with a prospective open-label blinded outcome design, we 

randomized heart failure patients (left ventricular ejection fraction <40%) with the Arg16/Gln27 

(n=8) or Gly16/Glu27 haplotype (n=8) of the beta2-receptor to 6-weeks treatment with carve-

dilol and metoprolol. Peripheral blood pressures were measured using a validated oscillometric 

device. Central blood pressures were derived using applanation tonometry of the radial artery. 

results Compared to metoprolol peripheral systolic and diastolic blood pressures were lower 

during carvedilol treatment, 133±16 versus 128±18 mmHg (p<0.01) and 76±8 versus 73±7 

mmHg (p=0.08), the corresponding heart rates were 63±7 and 63±8 bpm (p=0.89). Central 

systolic and diastolic blood pressure were 122±15 versus 118±18 mmHg (p=0.02) and 76±8 

versus 74±7 mmHg (p=0.07) for metoprolol versus carvedilol. In Arg16/Gln27 carriers periph-

eral systolic and diastolic blood pressures were significantly higher with metoprolol than 

with carvedilol treatment, 134±18/78±9 versus 128±19/74±7 mmHg (p<0.05/ p<0.05). For 

Gly16/Glu27 carriers there was no significant difference between carvedilol and metoprolol, 

129±18/73±8 versus 132±14/73±6 mmHg. 

conclusion Carvedilol resulted in lower peripheral and central blood pressures compared to 

metoprolol at equipotent dosages in heart failure patients. The higher blood pressure levels 

with metoprolol treatment were most pronounced in Arg16/Gln27 carriers.
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introduction

Chronic heart failure (HF) is a common disease causing considerable morbidity and mortality. 

One of the characteristics of HF is activation of the sympathetic nervous system.1 Beta-blockers 

inhibit the adverse effects of the sympathetic nervous system. Together with angiotensin 

converting enzyme (ACE)-inhibitors, they reduce morbidity and mortality in chronic HF2-4 

and are therefore considered the cornerstone of pharmacological treatment of HF patients.5 

Beta-blockers are a heterogeneous group and vary in their pharmacological characteristics. 

Carvedilol is a non-selective beta1-, beta2-, and alpha1-receptor blocker, with direct vasodi-

lating properties, whereas metoprolol is a selective beta1-receptor blocker. The Carvedilol or 

Metoprolol European Trial (COMET) study previously demonstrated that in patients with HF 

carvedilol was superior to metoprolol, in reducing cardiovascular events and all cause mortal-

ity.6, 7 However, because of differences in heart rate it has been suggested that the dosage of 

metoprolol in COMET was suboptimal.8 In hypertensive patients, vasodilating beta-blockers 

with direct vasodilating properties, have shown to reduce central blood pressure to a greater 

extent, with no differences in peripheral blood pressure, than atenolol and metoprolol, which 

are beta-blockers without these direct vasodilating effects.9, 10 Central blood pressure may bet-

ter reflect the blood pressure burden on the heart and brain and therefore be a better predictor 

of organ damage and cardiovascular events than peripheral blood pressure.11-13 Whether 

carvedilol lowers central blood pressure more than metoprolol in HF patients has not been 

examined. A possible determinant of the blood pressure response to carvedilol may include 

common genetic variations in the beta2-adrenergic receptor gene (ADRB2). Two highly preva-

lent single nucleotide polymorphisms, Arg16Gly and Gln27Glu in the ADRB2 receptor gene, are 

associated with altered receptor trafficking and downregulation.14 These two polymorphisms 

form three common haplotypes (Arg16/Gln27, Gly16/Gln27 and Gly16/Glu27). Individuals 

homozygous for the Gly16/Glu27 haplotype show increased vasodilation in response to the 

beta2-receptor agonist isoproterenol compared to Arg16/Gln27.15 In young individuals the 

Arg16/Gln27 has been associated with higher blood pressures.16 These differences may lead to 

an increased risk for cardiovascular disease.17, 18 In acute coronary syndrome patients receiving 

beta-blockers, those homozygous for Arg16/Gln27 had doubled mortality risk compared to 

patients homozygous for Gly16/Glu27 after 3 years.19 Furthermore, individuals heterozygous 

of homozygous for the Glu27 polymorphism showed a better improvement of left ventricular 

function in response to carvedilol compared to subjects homozygous for the Gln27 polymor-

phism.20

We hypothesized that carvedilol lowers peripheral and central aortic blood pressure more 

than metoprolol in HF patients and that this effect is mediated by common genetic variations 

in the beta-2 receptor. Therefore, we compared peripheral and central blood pressures in HF 

patients with the Arg16/Gln27 or Gly16/Glu27 adrenergic receptor haplotype, who were ran-

domized to treatment with carvedilol and metoprolol in a crossover trial. 
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methods

Study design and participants 

This trial was conducted at the Academic Medical Center, Amsterdam, between 2007 and 2010. 

The current study was a predefined secondary outcome of a trial registered on www.trialregis-

ter.nl (NTR1067). Patients were recruited from the cardiology outpatients’ clinics of six regional 

hospitals. After written informed consent was obtained, patients were further screened for 

eligibility and blood was drawn for DNA collection. Eligible subjects were HF patients aged 

18-80 years, with a left ventricular ejection fraction below 40% as measured within 6 months 

prior to randomization by nuclear scan, magnetic resonance imaging or cardiac ultrasound. 

Patients had New York Heart Association classification (NYHA) class I to III HF symptoms, and 

had to be on stable medical therapy for at least three months, that included ACE-inhibitors or 

angiotensin receptor blockers (unless contraindicated) and beta-blockers on maximal tolerated 

dosages. Excluded were patients with atrial fibrillation, an acute coronary event or myocardial 

revascularization within 3 months prior to randomization, severe aortic of mitral valve disease 

or aortic regurgitation, requirement for intravenous inotropic therapy, severely uncontrolled 

hypertension (blood pressure systolic >170 mmHg or diastolic >105mmHg), known drug or 

alcohol misuse, a history of poor treatment compliance, or a systemic disease other than heart 

failure that might complicate management or reduce life expectancy. Also, pregnant women or 

women with childbearing potential on inadequate contraception were excluded.

We screened ADRB2 haplotypes of 86 eligible HF patients. In 21 (24%) patients the Arg16/

Gln27 haplotype was present and the Gly16/Glu27 haplotype in 13 patients (15%). As shown 

in figure 1, a total of 8 patients with the Arg16/Gln27 haplotype and 4 patients with Gly16/

Glu27 were not randomized because they did not meet inclusion criteria or withdrew informed 

consent. Of the 22 patients randomized, informed consent was withdrawn by one patient in 

the Gly16/Glu27 group two weeks after randomization because of tiredness after changing 

beta-blocker treatment. Our aim was to include equal numbers of HF patients with the Arg16/

Gln27 and the Gly16/Glu27 haplotype. We therefore measured central blood pressure in the 

first 8 patients with the Gly16/Glu27 and all 8 patients with the Arg16/Gln27 haplotype.

We used a crossover study with a prospective, randomized, open-label, blinded-outcome 

(PROBE) design. The primary aim was to assess differences in peripheral and central hemody-

namics between the two beta-blockers in all included patients. The effect of beta2-receptor 

haplotypes on the blood pressure response to beta-blocker treatment was studied in second-

ary, exploratory analyses. Homozygous Gly16/Glu27 and Arg16/Gln27 individuals who met the 

study criteria were randomized between carvedilol and metoprolol, applying block randomiza-

tion with block sizes of 4, using TENALEA (www.tenalea.com). Since the HF patients were already 

on beta-blocker treatment, they received an equipotent dosage of carvedilol (Eucardic, Roche, 

Mijdrecht, The Netherlands) or metoprolol succinate (Selokeen ZOC, AstraZeneca, Zoetermeer, 

The Netherlands). Equipotent dosages were considered metoprolol 200 mg o.d., carvedilol 25 
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mg b.i.d., bisoprolol 10 mg o.d., and nebivolol 10 mg o.d21. After the first beta-blocker treatment 

period of six weeks, patients crossed over to the other beta-blocker, again in an equipotent dos-

age. All patients received a six week treatment with each drug. Heart rate was verified after one 

week to assure equipotency in patients who switched to another beta-blocker. If resting heart 

rate differed more than 5 beats per minute, dosage was adjusted accordingly. Compliance to 

beta-blocker treatment was assessed by counting the remaining tablets. For ethical reasons no 

wash-out period was applied between treatment arms. The study was approved by the ethics 

committee of the Academic Medical Center.

Beta-receptor sequencing

Genomic DNA was isolated from 10 ml peripheral blood using an AutopureLS apparatus 

according to the manufacturer’s protocol (Gentra Systems, Minneapolis, MI, USA). Beta2-

adrenergic genotypes at the alleles encoding for positions 16 and 27 were determined by the 

big-dye terminator sequencing technique, for which a pair of primers was designed (using 

Primer3; http://frodo.wi.mit.edu/primer3/).  Polymerase chain reaction (PCR) was carried out 

with 50 ng of genomic DNA in a 25 μl reaction volume containing 1x Taq DNA polymerase 

buffer (Qiagen, Hilden, Germany), 50 μmol/l of each dNTP, 0.4 μmol/l of each primer, and 1 U 











 
 
 
 
 














 
 
 
 
 


 
 
 
 
 

















Figure 1 Trial profile
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Taq DNA polymerase. The thermal cycling conditions were: 95°C for 2 minutes, then 20 cycles 

of 30 seconds at 95°C, 30 seconds at 65°C (minus 0.5°C each cycle), and 30 seconds at 72°C in 

a PCR apparatus (T3 Biocycler, Biometra, Germany). Then 30 cycles of 30 seconds at 95°C, 30 

seconds at 55°C, and 30 seconds at 72°C. The program ended 10 minutes at 72°C. The sequence 

reactions were performed using fluorescent-labeled dideoxy chain terminations with a Big Dye 

Terminator ABI Prism kit (Applied Biosystems, Foster City, CA, USA) according to the manufac-

turer’s protocol and analyses on an automated DNA sequencer (Applied Biosystems, model 

3730). Sequences were analyzed with the Sequencher package (GeneCodes Co, Ann Arbor, MI, 

USA).

hemodynamic measurements

Measurements of peripheral and central blood pressure were performed at the end of both 

treatment-periods. All measurements were performed in the morning after an overnight fast. 

After 10 minutes rest in supine position, blood pressure was measured 3 times at 1-minute 

intervals on the left arm using a validated oscillometric device (Omron 705IT). We used the 

mean of the last two BP measurements as average peripheral BP. Measurements of central 

hemodynamics were performed using the SphygmoCor system (Atcor Medical Pty Ltd, West 

Ryde, Australia) as described previously.22 Briefly, pressure waveforms were recorded from the 

radial artery of the left arm with applanation tonometry using a high-fidelity micromanometer 

(Millar Instruments, Texas, USA). Brachial blood pressures were used for calibration of the radial 

waveform. With a generalized transfer function the central aortic waveform was generated from 

which central diastolic blood pressure (DBP), systolic blood pressure (SBP), pulse pressure (PP) 

and augmentation index (AIx) were calculated. AIx was corrected for heart rate of 75 beats per 

minute (AIx@hr75). Measurements were done in duplicate and means were used for analysis. 

Statistical analysis

We tested the outcome data for normality using Kolmogorov-Smirnov test, showing that all 

data had a normal distribution. We therefore used paired Student’s t-tests to calculate mean dif-

ferences in outcomes between the two beta-blockers. Whether the effect of beta-blockers was 

mediated through the beta2-receptor haplotypes was studied in exploratory analyses using 

unpaired t-tests to assess differences in outcomes between haplotypes. Data were missing for 

1 measurement of 1 person, these missing values were imputed with the mean values of the 

group. Values are expressed as mean±standard deviation (SD). Analyses were performed using 

SPSS, version 16.0 (Chicago, IL, USA). 



Carvedilol versus metoprolol in heart failure 155

results

Patient characteristics

Baseline characteristics stratified by ADRB2 haplotype of the 16 HF patients are shown in table 

1. Mean age±SD was 66±9 years and 10 (63%) were male. There were small differences in age, 

gender, NYHA classification or use of renin angiotensin system inhibitors and diuretic use 

between the two ADRB2 haplotypes, but none of these were statistically significant.

table 1 Baseline characteristics of all participants and by haplotype

all patients
(n=16)

Gly16/Glu27
(n=8)

arg16/Gln27
(n=8)

n % n % n %

Mean age, yrs ±SD 66±9 70±9 62±7

Male 10 63 4 50 6 75

cause of hF

Ischemic 9 56 4 50 5 63

Non-ischemic

Hypertensive CMP 2 13 0 0 2 25

Dilated CMP 5 31 4 50 1 13

Mean LVEF, % ±SD 30±9 28±11 32±6

nyha classification

I 4 25 2 25 2 25

II 8 50 4 50 4 50

III 4 25 2 25 2 25

medical history

Hypertension 7 44 2 25 5 63

Diabetes Mellitus 5 31 2 25 3 38

Hypercholesterolemia 5 31 3 38 2 25

Beta-blocker before randomization

Carvedilol 6 38 3 38 3 38

Metoprolol 8 50 4 50 4 50

Nebivolol 2 13 1 13 1 13

concomittant antihypertensive treatment

ACE/ARB 14 88 6 75 8 100

Loop-diuretic 14 88 6 75 8 100

Spironolactone 6 38 2 25 4 50

Diuretic 1 6 0 0 1 13

other co-medication

Vitamin K antagonists 8 50 4 50 4 50

Antiplatelet agents 8 50 5 63 3 38

Statin 13 81 6 75 7 88

Digoxin 3 19 2 25 1 13

SD=standard deviation, IQR=inter quartile range, HF=heart failure, CMP=cardiomyopathy, LVEF=left 
ventricular ejection fraction, NYHA=New York Heart Association classification, ACE/ARB=angiotension 
converting enzyme inhibitor/angiotension receptor blocker.
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Adverse events and compliance

Four patients (three in Arg16/Gln27 group, and one in Gly16/Glu27 group) experienced an increase 

in shortness of breath after changing from carvedilol to metoprolol. In these patients adjustment 

of the beta-blocker dosage or a (temporary) higher loop-diuretic dosage reduced complaints. 

Median administered daily dosages were 12.5mg (interquartile range [IQR]: 12.5-34.4) for carve-

dilol and 75mg (IQR: 50.0-137.5) for metoprolol. Compliance to beta-blocker treatment was 99%.

Hemodynamics

Peripheral and central hemodynamic parameters are presented in table 2. Heart rate was 

similar between carvedilol and metoprolol treatments. Peripheral SBP was significantly lower 

during carvedilol compared to metoprolol treatment (p<0.01), whereas peripheral DBP was not 

significantly different between carvedilol and metoprolol (p=0.08). Similarly central SBP was 

significantly lower after carvedilol treatment compared to metoprolol (p=0.02), but this was not 

significant for central DBP (p=0.07). The differences between peripheral and central SBP with 

carvedilol (10±3 mmHg) and metoprolol treatment (11±4 mmHg) were comparable, p=0.46. 

AIx and reflection time were not significantly different between carvedilol and metoprolol.

Table 3 provides the peripheral and central blood pressure response to carvedilol and meto-

prolol treatment stratified for Arg16/Gln27 and Gly16/Glu27 haplotypes. When comparing 

the haplotypes during carvedilol or metoprolol treatment, no significant differences in blood 

pressure were observed. For HF patients with the Gly16/Glu27 haplotype, differences in blood 

pressure between carvedilol and metoprolol were generally smaller, although not significant, 

than for patients with the Arg16/Gln27 haplotype. In Arg16/Gln27 carriers peripheral SBP/DBP 

were significantly higher with metoprolol than with carvedilol treatment (p<0.05/ p<0.05). For 

Gly16/Glu27 carriers blood pressures were not significantly different between carvedilol and 

table 2 Comparison of peripheral and central hemodynamic parameters after treatment with carvedilol 
and metoprolol treatment for all subjects

carvedilol metoprolol p-value

Peripheral SBP, mmHg 128±18 133±16 <0.01

Peripheral DBP, mmHg 73±7 76±8 0.08

Peripheral PP, mmHg 55±14 58±12 0.15

Heart rate, bpm 63±7 63±8 0.89

Central SBP, mmHg 118±18 122±15 0.02

Central PP, mmHg 44±13 46±11 0.24

AIx, % 26±10 29± 10 0.22

AIx@hr75, % 20±11 23±10 0.22

Reflection time, ms 145±17 139±12 0.11

Data are presented as mean ±standard deviation.
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metoprolol treatment. Central SBP/DBP in Arg16/Gln27 carriers and Gly16/Glu27 carriers were 

not different when treated with carvedilol compared to treatment with metoprolol.

discussion

In this study with a crossover design, a six week treatment of carvedilol resulted in lower 

peripheral and central blood pressures compared to metoprolol at equipotent dosages and 

comparable heart rate in HF patients. Carvedilol did not result in an additional effect on central 

pressure beyond the reduction in peripheral pressure, since in both treatment groups central 

SBP was approximately 10 mmHg lower than peripheral SBP and AIx was similar between 

groups. In exploratory secondary analyses we found that the higher blood pressure levels 

table 3 Peripheral and central blood pressure response to carvedilol and metoprolol treatment stratified 
by beta2-adrenergic receptor haplotype

carvedilol metoprolol

Peripheral sBP

Gly16/Glu27 129±18 132±14

Arg16/Gln27 128±19  134±18*

Peripheral dBP

Gly16/Glu27 73±8 73±6

Arg16/Gln27 74±7 78±9*

Peripheral PP

Gly16/Glu27 56±14 59±11

Arg16/Gln27 54±14 56±14

heart rate

Gly16/Glu27 63± 8 64±9

Arg16/Gln27 63±7 62±7

central sBP

Gly16/Glu27 117±18 120±14

Arg16/Gln27 118±19    125±17**

central PP

Gly16/Glu27 44±13 46±10

Arg16/Gln27 44±14 46±12

aix

Gly16/Glu27 25±11 28±12

Arg16/Gln27 27±10 30±7

Data are presented as mean±standard deviation and represent mm Hg for all blood pressure 
Parameters, bpm for heart rate and % for AIx. * p<0.05 for carvedilol versus metoprolol, 
**p=0.06 for carvedilol versus metoprolol.
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with metoprolol treatment were most pronounced in Arg16/Gln27 patients, while carvedilol 

treatment in Arg16/Gln27 and Gly16/Glu27 carriers resulted in similar blood pressures.

One of the strengths of our study is that similar heart rates were achieved with carvedilol 

and metoprolol treatment. The magnitude of heart rate reduction and not their dosage was sig-

nificantly associated with the survival benefit of beta-blockers in patients with heart failure.23 

The COMET study showed that carvedilol treatment was associated with reduced mortality 

compared to metoprolol in patients with NYHA II-IV.6 However, the corresponding heart rate 

reduction was somewhat larger for carvedilol: 13 versus 12 bpm, which raised the question 

whether in COMET metoprolol was given in an equipotent dose.8 Although heart rate reduc-

tion in the COMET study was greater in the carvedilol group, no significant differences in blood 

pressure were detected. So the question remains whether carvedilol is better at lowering blood 

pressure in HF patients with the same heart rate reduction. We investigated this in a crossover 

study using of equipotent dosages of carvedilol and metoprolol. Although we should be care-

ful to compare our findings with those from the COMET study, since HF patients in the COMET 

study had higher NYHA classes, we found that  the mean SBP and DBP was lower with carvedilol 

treatment. Moreover, the lower blood pressure values with carvedilol were achieved without 

differences in heart rate. Since heart rates were similar, we assume that the beta1 blocking 

properties were similar between metoprolol and carvedilol, and that the alpha1 inhibiting 

action of carvedilol may be held responsible for the observed decrease in blood pressure 

compared to metoprolol. 

In the present study, we did not observe an additional effect on central blood pressure in HF 

patients. Although carvedilol was more potent at lowering both peripheral and central blood 

pressure than metoprolol, central SBP was approximately 10 mmHg lower than peripheral SBP 

in both treatment groups. The lack of an additional effect on central BP could be explained by 

the similar AIx after carvedilol and metoprolol treatment. In hypertensive patients treatment 

with either carvedilol or nebivolol resulted in lower central blood pressures, while an equal 

decrease in peripheral blood pressure compared to atenolol was observed.9, 10  In another study 

in hypertensive subjects nebivolol but not metoprolol significantly lowered central systolic 

blood pressure.24 Blood pressure waveforms, however, differ between HF patients and subjects 

with normal ejection fraction. Patients with cardiomyopathy have lower AIx compared to age 

and gender matched controls.25  This has been explained by the inability of the weakened 

myocardium to generate a pressure wave to cope with the reflected wave.25, 26 Recently the 

contribution of reflected waves to aortic augmentation index has been challenged, suggest-

ing that aortic reservoir function rather than reflected waves account for changes in the aortic 

pressure waveform.27

Interestingly, we observed differences in the blood pressure response to carvedilol and metopro-

lol between two common functional ADRB2 genotypes. In Gly16/Glu27 carriers there were no 

significant differences in peripheral and central pressures between carvedilol and metoprolol, 
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whereas patients with Arg16/Gln27 had a significantly higher SBP and DBP when treated with 

metoprolol compared to carvedilol. Subjects with the Gly16/Glu27 haplotype have a higher 

maximal hand vein vasodilatory response after β2 receptor stimulation with isoproterenol 

compared to Arg16/Gln27, who show enhanced desensitization.15 This and another study28 

support the concept that subjects with Arg16/Gln27 haplotype have a reduced vasodilatory 

response to ADRB2 receptor stimulation. The effect of variations in the gene coding for ADRB2 

on blood pressure is, however, disputed.16 HF is characterized by an increase in sympathetic 

nerve activity and the ADRB2 genotypes might therefore play a more important role in blood 

pressure regulation. We hypothesize that the beta1-blockade of metoprolol has similar effects 

in both haplotypes, but because of increased sympathetic activity in HF, Gly16/Glu27 patients 

have more ADRB2 mediated vasodilation than Arg16/Gln27 carriers. This vasodilatory effect 

of ADRB2 stimulation might not be as pronounced during carvedilol treatment because it is 

overruled by alpha1-inhibition mediated vasodilation.

limitations Our study has several limitations that deserve attention. First the sample size of 

our study might have to small to find small differences in blood pressure response to carvedilol 

and metoprolol between patients with Arg16/Gln27 and Gly16/Glu27 haplotypes. Secondly, 

the clinical characteristics between the Arg16/Gln27 and Gly16/Glu27 carriers somewhat dif-

fered, which limits between haplotype comparisons. There were more patients with a history of 

hypertension in the Arg16/Gln27 group and they used more antihypertensive drugs. It is there-

fore possible that further lowering of blood pressure is more difficult in these patients. Thirdly, 

we cannot exclude that the decrease in metoprolol dose and the increase in loop diuretic dose, 

in the four patients changing from carvedilol to metoprolol might have influenced our results. 

Fourthly, although in this cross-over study the order of beta-blocker treatment was randomized 

the lack of washout period might have caused carry over effects. Lastly, we did not include 

heterozygous subjects or those homozygous for Gly16/Gln27 of the beta2-receptor, but they 

are likely to act intermediately.15 

Perspectives When aiming for a comparable heart rate in patients with HF, carvedilol lowered 

blood pressure better than metoprolol, but we did not observe an additional effect on central 

blood pressure. Our data suggest that in HF patients peripheral blood pressure is better lowered 

with carvedilol than metoprolol regardless of ADRB2 haplotype. Whether this results in a reduc-

tion of cardiovascular events needs further study. The reduced BP lowering response in Arg16/

Gln27 carriers to metoprolol may suggest that ADRB2 haplotype is an important predictor of dif-

ferences in the treatment response between metoprolol and carvedilol, this is however specula-

tive and larger studies are needed to confirm our results. Whether genotyping of the ADRB2 

haplotype in the workup of HF patients is necessary remains to be determined, since it seems 

that regardless of ADRB2 haplotype carvedilol lowers blood pressure more than metoprolol.
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aBstract

Background Roux-en-Y gastric bypass surgery (RYGBS) induced weight loss has shown to 

decrease blood pressure. We assessed the short term effect of RYGBS on baroreflex cardiovas-

cular control, blood pressure and systemic hemodynamics.

methods We examined systemic hemodynamics and baroreflex sensitivity (BRS) in 15 obese 

women (mean age 42±7, BMI 45±6 kg/m2) prior to and six weeks following RYGBS. Oscillomet-

ric and continuous finger blood pressures were measured and mean arterial pressure (MAP), 

heart rate (HR), stroke volume (SV), cardiac output (CO) and systemic vascular resistence (SVR) 

determined. BRS (cross-correlation time-domain (BRSTD) and cross-spectral frequency-domain 

(BRSFD)) was assessed from spontaneous fluctuations in systolic blood pressure.  

results A 10% (13±5 kg; mean±SD) reduction in weight six weeks following surgery coincided 

with an 20% decrease in CO related to a dual reduction in both SV and HR, and a 15% increase in 

SVR resulting in a lower blood pressure (137±10/86±6 to 128±12/81±9 mmHg; p<0.001, p<0.01) 

with a 7% reduction in MAP. BRSTD increased from median [IQR] 9.0 [6.4-14.3] to 13.8 [8.5-19.0] 

(p<0.01) and BRSFD from 10.3 [7.3-14.3] to 11.9 [8.3-22.8] (p=0.02). The increase in BRSTD was 

inversely correlated with the reduction in HR (R= - 0.64, p=0.02) and CO (R= - 0.61, p=0.03).

conclusions The reduction in blood pressure after RYGBS resulted from a marked decrease 

in CO surpassing an increased SVR. The reduction in CO was attributable in part to a lower HR 

which together with enhanced BRS suggests a change in autonomic balance towards increased 

parasympathetic HR control.
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introduction

The prevalence of severe obesity is rapidly increasing,1 with ischemic heart disease and stroke 

as the main contributors to mortality.2 According to the Prospective Studies Collaboration every 

5 kg/m2 increase in body mass index (BMI) is associated with an approximately 30% increase in 

overall mortality and 40% in cardiovascular mortality2 as confirmed by another pooled analysis 

of prospective studies.3 

Adiposity is related to blood pressure and the development of hypertension,2, 4 thereby 

contributing to the risk of cardiovascular disease. The blood pressure increase observed in 

adiposity is thought to be associated with changes in sympathovagal balance. Both in obese 

normotensive and in lean hypertensive subjects the sympathetic nervous system (SNS) is acti-

vated and the more so in hypertensive obese subjects.5 Already at a young age, this increased 

activity of the SNS is associated with measures of organ damage such as renal and endothelial 

function, and left ventricular mass.6 In reverse, weight loss improves muscle sympathetic nerve 

activity (MSNA), plasma norepinephrine concentration and baroreflex sensitivity (BRS) as a 

reflection of SNS activity. 7-9 

In morbidly obese patients Roux-en-Y gastric bypass surgery (RYGBS) results in long-term 

weight loss and a decrease in mortality.10, 11 Weight loss induced by RYGBS seems to lower 

blood pressure in the short term, although in the long term the initial effects on blood pressure 

seem to attenuate. 12-14 

In this study we aimed to assess the short term effects of weight loss through RYGBS on 

baroreflex cardiovascular control in relation to systemic hemodynamics. As a secondary aim 

we addressed the relation between peripheral and central blood pressure in morbidly obese 

normotensive and mildly hypertensive persons. 

methods

Study participants and design

Fifteen obese women scheduled for RYGBS were included in an observational intervention 

study, serving as their own controls. These participants were recruited from outpatient clinics 

of the Rijnstate Hospital, Arnhem and the Slotervaart Hospital, Amsterdam, the Netherlands, 

from October 2008 until December 2010. The patients were eligible for the study if they were 

scheduled to undergo RYGBS, were older than 18 yr and were able to give informed consent. 

Exclusion criteria were: 1) insulin dependent DM; 2) malignant or uncontrolled hypertension 

(blood pressure >200/120 mmHg or blood pressure >180/110 mmHg with 1 or more drugs, or 

>160/100 with 2 or more drugs); 3) a recent history (6 months or less) of substantial alcohol or 

drug abuse; 4) the use of antipsychotic medication or antidepressant medication; 5) somatic 

illness (except hypertension, hyperlipidemia, DM treated with pills), including neoplasm, active 
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infection and abnormalities in the brain. The study was approved by the Medical Ethical Com-

mittee of the AMC. All participants gave written informed consent.

Blood pressure

Hemodynamic measurements were performed two (±one) weeks before and six (±one) weeks 

after surgery in the morning after an overnight fast. After 10 minutes rest in supine position, 

blood pressure was measured 3 times at 1-minute intervals on the left arm using a validated 

oscillometric device (Omron 705IT, Omron Healthcare Europe BV, Hoofddorp, the Netherlands). 

We used the mean of the last two blood pressure measurements as average peripheral blood 

pressure. Central blood pressure measurements were performed using the SphygmoCor sys-

tem (Atcor Medical Pty Ltd, West Ryde, Australia) as described previously15. Briefly, pressure 

waveforms were recorded from the radial artery of the left arm with applanation tonometry 

using a high-fidelity micromanometer (Millar Instruments, Texas, USA). Brachial systolic and 

diastolic blood pressures (SBP and DBP) were used for calibration of the radial waveform. With 

a generalized transfer function the central aortic waveform was generated from which central 

SBP, pulse pressure (PP) and augmentation index (AIx) were calculated. AIx was corrected for 

heart rate of 75 beats per minute. Measurements were done in duplicate and means were used 

for analysis. Pulse pressure amplification (PPA) was defined as peripheral PP divided by central 

PP. Twenty-four hour blood pressure was assessed using an automatic ambulatory blood pres-

sure monitor (ABPM; Spacelabs 90207, Spacelabs Inc., Redmond, Washington, USA), which was 

placed on the non-dominant arm. The ABPM was programmed to record blood pressure every 

15 min during the day (07:00 – 23:00 h) and every 30 min at night (23:00 – 07:00 h). The ABPM 

assessment was accepted when at least 70% of measurements were available for analysis. We 

calculated 24 hour, day-time (07.00-23.00) and nighttime (23.00-07.00) averages. 

Systemic hemodynamics

Systemic hemodynamics were measured with the Nexfin device (BMEYE BV, Amsterdam, the 

Netherlands), which uses the volume-clamp method to non-invasively measure continuous 

finger arterial blood pressure based on a volume-clamp method.16  The finger cuff was applied 

to the third finger of the dominant arm, while brachial blood pressures were reconstructed 

from the finger arterial pressure.17 Mean arterial pressure (MAP) was calculated by taking the 

true integral of the arterial pressure wave over 1 beat divided by the corresponding beat inter-

val. Stroke volume (SV) was determined by a pulse contour method (Nexfin CO-trek).18 Cardiac 

output (CO) was SV times heart rate (HR), Cardiac index (CI) was CO corrected for body surface 

area, and SVR the ratio of MAP and CO. Hemodynamic parameters were assessed as the average 

of a three minute recording.



Gastric bypass surgery and baroreflex cardiovascular control. 167

Baroreflex sensitivity

Baroreflex sensitivity (BRS) was obtained in the supine position from 5 min beat-to-beat SBP 

and inter-beat interval data. Estimates of BRS were obtained in the frequency-domain (BRSFD) 

by Fourier Transform19 and in the time-domain (BRSTD) by the sequence method.20, 21 For BRSFD, 

beat-to-beat SBP and inter beat interval (IBI) time series were detrended using a Hanning 

window. Power spectral density and cross-spectra of SBP variability (BPV) and heart rate vari-

ability (HRV) were computed using discrete Fourier transform. The low (LF; 0.06 – 0.15 Hz) and 

high frequency band (HF; 0.15 – 0.4 Hz) were selected and BPVLF-to-HRVLF transfer gain was 

computed for coherence >0.5.22 Estimates of BRSTD were obtained from beat-to-beat SBP and 

IBI data. The cross-correlation between 10 s series of SBP and IBI samples was computed for 

delays τ in IBI of 0 – 5 s. The τ yielding the highest cross-correlation was selected if significant 

with α set at 0.05. The regression slope was recorded as one BRSTD value. Subsequently, the 

process was repeated for series of SBP and IBI samples 1 s later.

Statistical analysis

Outcome data were tested for normality using Kolmogorov-Smirnov test. Values are expressed 

as mean±standard deviation (SD) for normally distributed data and median [interquartile 

range] for non-normally distributed data. Paired Student’s t-tests and Wilcoxon Signed Ranks 

Test were used where appropriate, to evaluate differences. Agreement between BRSTD and 

BRSFD was evaluated using intraclass correlation coefficient (ICC), based on a two-way mixed 

effects model with absolute agreement. Correlations are expressed as Pearson’s correlation 

coefficient. Analyses were performed using SPSS, version 16.0 (Chicago, IL, USA). 

results

Patient characteristics

Baseline characteristics of the 15 female participants are shown in table 1. Mean age was 42±7 

years. At baseline BMI was 45±6 kg/m2. The mean decrease in weight was 13±5 kg (10%) after 

six weeks.

Blood pressure

Blood pressure parameters before and after RYGBS are presented in table 2. Peripheral blood 

pressure decreased significantly with 9±5/5±6 mmHg from baseline (p<0.001/p<0.01) and 

peripheral PP decreased 4±4 mmHg (p<0.01). Central SBP was 7±6 mmHg lower after surgery 

(p<0.001), while central PP tended to decrease (p=0.13). AIx and PPA did not change signifi-

cantly.

Ambulatory 24 hour blood pressure data with at least 70% successful readings became avail-

able for analysis in 10 patients. Twenty-four hour blood pressure decreased with 11±11/5±6 
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table 1 Baseline characteristics

Parameter

n 15

Age, yrs 42±7

Height, cm 168±8

Weight, kg 126±20

BMI, kg/m2 45±6

SBP, mmHg 137±10

DBP, mmHg 86±6

Fasting glucose, mmol/L 5.8±0.8

TC, mmol/L 4.4±0.6

LDL-c, mmol/L 2.7±0.5

HDL-c, mmol/L 1.1±0.2

Triglycerides, mmol/L 1.3±0.7

Data are mean±SD. BMI=body mass index, SBP=systolic blood pressure, DBP=diastolic blood pressure, 
TC=total cholesterol; LDL-c=low density lipoprotein cholesterol; HDL-c=high density lipoprotein 
cholesterol.

table 2 Blood pressure before and after surgery

Parameter Before after p-value

Peripheral SBP, mmHg 137±10 128±12 <0.001

Peripheral DBP, mmHg 86±6 81±9 <0.01

Peripheral PP, mmHg 51±6 47±7 <0.01

Central SBP, mmHg 125±11 118±14 <0.001

Central PP, mmHg 38±6 36±8 0.13

PPA 1.36±0.1 1.32±0.2 0.14

AIx, % 19±11 16±13 0.08

24 hr SBP, mmHg 122±13 110±9 <0.01

24 hr DBP, mmHg 74±7 69±5 0.02

24 hr HR, bpm 84±8 71±8 <0.001

Day-time SBP, mmHg 128±14 114±10 0.01

Day-time DBP, mmHg 80±9 73±6 0.02

Day-time HR, bpm 88±8 77±9 <0.001

Nighttime SBP, mmHg 111±14 103±9 0.04

Nighttime DBP, mmHg 67±8 63±6 0.04

Nighttime HR, bpm 77±9 62±8 <0.001

Data are mean±SD. SBP=systolic blood pressure, DBP=diastolic blood pressure, PP=pulse pressure, 
PPA=pulse pressure amplification, AIx=augmentation index, HR=heart rate.
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mmHg (p<0.01/p=0.02). Day-time blood pressure seemed to decrease more (14±14/7±8 

mmHg, p=0.01/p=0.02) than night-time blood pressure (8±11/4±5 mmHg, p=0.04/p=0.04).

Hemodynamics

Hemodynamic parameters are shown in table 3. After surgery MAP decreased by 7±7 mmHg 

(7%; p<0.01). Heart rate decreased with 11±7 bpm (15%, p<0.001) and SV with 6±9 ml (5%, 

p=0.03) resulting in a 1.6±1.2 L/min (20%) lower CO (p<0.001). The CI decreased with 0.6±0.5 L/

min/m2 (17%).  SVR increased by 153±189 dyn.s/cm5 (15%, p<0.01).

Baroreflex sensitivity

BRSTD and BRSFD increased with sufficient agreement (ICC=0.92; p<0.001) following RYGBS 

(Table 4). BPV and HRV all tended to increase after surgery without reaching statistical signifi-

cance.

table 3 Hemodynamics at baseline and after surgery

Parameter Before after p-value

MAP, mm Hg 102±8 95±11 <0.01

Heart rate, bpm 71±8 60±8 <0.001

SV, ml 115±15 109±16 0.03

CO, L/min 8.1±1.3 6.5±1.0 <0.001

CI, L/min 3.5±0.5 3.0±0.5 0.001

SVR, dyn.s/cm5 1033±156 1186±177 <0.01

Hemodynamic data were obtained using non invasive finger arterial blood pressure monitoring. Data 
shown are means±SD. MAP=mean arterial pressure, HR=heart rate, SV=stroke volume, CO=cardiac 
output, CI=cardiac index, SVR=systemic vascular resistance.

table 4 Baroreflex sensitivity and heart rate variability at baseline and after surgery

Parameter Before after p-value

BRSTD, ms·mmHg-1 9.0 [6.4-14.3] 13.8 [8.5-19.0] <0.01

BRSFD, ms·mmHg-1 10.3 [7.3-14.3] 11.9 [8.3-22.8] 0.02

BPVLF, mmHg2·Hz-1 3.2 [2.0-5.9] 5.2 [1.5-9.3] 0.78

HRVLF, ms2·Hz-1 532 [272-1588] 1778 [297-2735] 0.50

HRVHF, ms2·Hz-1 1044 [600-1874] 2124 [1021-5307] 0.07

Data are median [interquartile range]. BRSFD=baroreflex sensitivity determined by frequency-domain 
analysis; BRSTD=baroreflex sensitivity determined by a cross-correlation time-domain method; BPV=blood 
pressure variability; HRV=heart rate variability; LF=low frequency-domain; HF=high frequency-domain.
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Association of weight loss, hemodynamics and baroreflex sensitivity

The increase in BRSTD correlated inversely with the reduction in HR (R= - 0.64, p=0.02) and CO 

(R= - 0.61, p=0.03) as depicted in figure 1. The change in weight was not correlated with changes 

in BRSTD (R= 0.27, p=0.37), MAP (R= - 0.41, p=0.45), SVR (R= - 0.06, p=0.84), HR (R= - 0.19, p=0.50) 

or CO (R= - 0.07, p=0.79). 

discussion

In the current study we focussed on the short term effects of RYGBS on blood pressure, hemody-

namics and baroreflex heart rate control. We show that in morbidly obese normotensive and mildly 

hypertensive patients blood pressure and CO decreased despite an increase in SVR. BRS as a measure 

of autonomic balance improved six weeks after surgery. The only way carotid baroreflex is capable 

to modulate CO is by HR and the improvement in BRS was associated with a reduction in HR and CO. 

Figure 1 
Correlations between changes in BRS and CO in the upper panel and BRS and HR in the lower panel.
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One of the key aspects of obesity is a disturbance in sympathetic control of cardiovascular function. 

The increase in SNS activity might lead to raised blood pressure through multiple mechanisms.23 

The short term blood pressure lowering effect of weight loss is well established. A meta-analysis of 

randomized controlled trials showed that weight loss by energy restriction, physical activity or both 

is associated with a decrease in blood pressure, with approximately 1 mmHg reduction in SBP for 1 

kg weight loss.24 Bariatric surgery studies show a similar reduction in blood pressure, but also show 

that blood pressure tends to rebound, even when weight loss is maintained.12 We focussed on the 

short term effect of RYGBS and confirm earlier findings by showing that both office and ambulatory 

SBP and DBP decreased significantly six weeks after RYGBS. Ambulatory measurements showed 

that there was a more pronounced drop in blood pressure during the day compared to night-time. 

This may relate to a more pronounced decrease in SNS activity during day-time. Central aortic blood 

pressure might have better predictive value of organ damage and cardiovascular mortality than 

brachial or peripheral blood pressure.25, 26  Differences in peripheral and central blood pressure 

can be examined by measuring PPA. The relation between peripheral and central blood pressure is 

affected, next to age and gender, by arterial stiffness and wave reflection.27 The latter two factors are 

dependent on sympathetic tone.28, 29 Although we observed a change in autonomic balance, we 

found no change in PPA. This is in line with a previous study showing a parallel increase in peripheral 

and central blood pressure with increasing BMI.30  

In adiposity, there is increased metabolic demand requiring an increase in blood volume and 

CO.31, 32 In obese persons the heart adapts to the increase in circulating volume and CO by a myriad 

of cardiac changes including an increase in left ventricular mass, eccentric left ventricular hypertro-

phy and left ventricular dilatation.33 These changes in cardiac structure and function are collectively 

called obesity cardiomyopathy.33 In patients with obesity cardiomyopathy, heart failure and sudden 

cardiac death are the leading causes of death. Weight loss either by caloric restriction or bariatric sur-

gery will lead to regression of these cardiac abnormalities.31  In line with this we show in the present 

study that CO was reduced by 20%. The beneficial effects of weight reduction on hemodynamics 

and cardiac load might therefore not be appreciated by looking at blood pressure alone.

A diminished baroreceptor–reflex responsiveness to changes in blood pressure has been sug-

gested by the finding of reduced low frequency power of HR variability and muscle sympathetic 

nerve activity recordings during pharmacological manipulation of blood pressure.34 Increased HR 

variability as an indirect measure of baroreflex cardiac control was taken to suggest an increased 

cardiac vagal modulation and an improvement in blunted baroreflex sensitivity.35-37 The present 

study addressed BRS directly by frequency- and time domain analysis and found enhanced BRS fol-

lowing bariatric surgery. The reduction in HR and CO was strongly correlated with an improvement 

in BRS whereas the association with MAP was not significant. Together with the finding that the 

reduction in CO was attributable in part to a lower HR this suggests a change in autonomic balance 

towards increased parasympathetic HR control. The increase in SNS activity in obesity has been 

previously been associated with impairment of the baroreceptor reflex.5, 38, 39 Decreased BRS is asso-

ciated with cardiovascular morbidity and mortality,40 possibly through increased susceptibility to 
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cardiac arrhythmias leading to sudden cardiac death. In line with other dietary weight loss studies8, 

9, 41 we show that BRS improved after RYGBS. Compared to other studies showing an improvement 

in BRS after 3 months, we already observed a significant improvement after six weeks. HRV at the 

respiratory frequency, a measure of parasympathetic activity, is impaired in the severely obese.42 

It has been shown that HRV improved after gastric bypass surgery.42, 43 In previous studies the 

improvement in HRV was not significant 2 weeks after surgery43, but it was after 6 months43, 44 and 

1 year.42 In the present study HRVHF tended to increase after RYGBS, but was not significant possibly 

due to limited sample size.

Interestingly we found no correlation between weight loss and BRS, which is in line with previous 

observations.8, 41 It has been suggested that this effect may be attributable to a negative energy 

balance.41 This is further supported by the finding of Straznicky and colleagues.45 They show that 

after an initial improvement in BRS after a twelve week hypocaloric diet, BRS rebounded after four 

months of weight maintenance. The short-term effect of RYGBS on BRS and CO may therefore be 

principally driven by a negative energy balance. Likewise, the increase in SVR after RYGBS was not 

associated with weight loss suggesting that the decrease in metabolic demand may have been 

attributable to the increase in SVR, especially because BRS improved. We speculate that this may be 

caused by an increase in peripheral resistance of adipose tissue. Despite the increase in SVR, MAP 

decreased suggesting that the effect of CO contributed more to the reduction in blood pressure 

after RYGBS than the increase in SVR. 

limitations This study has several limitations. First, the lack of correlation between some param-

eters may have been subject to a type II error because of the limited sample size. Second, for obvious 

reasons patients and investigators were not blinded for the intervention and we had no control 

group. Third, we studied women only making it difficult to extrapolate our findings to men. In 

general women are less prone to the development of visceral fat compared to men. Visceral rather 

than subcutaneous fat is related to sympathetic activation.46 It is conceivable that the influence of 

RYGBS on BRS and CO may be more pronounced in men with a predominantly visceral localization 

of adipose tissue. Finally, to better appreciate the association between adiposity associated reduc-

tion in SNS activity without the possible confounding effects of blood pressure related changes in 

SNS activity we only studied normotensive and mildy hypertensive women. Because of the well-

established association between hypertension and SNS activity, the effects of RYGBS on SNS activity 

in obese women with moderate to severe hypertension may be different.  

conclusion In morbidly obese normotensive and mildly hypertensive patients the decline in blood 

pressure after Roux-en-Y gastric bypass surgery was caused by a marked decrease in CO, despite 

an increase in systemic vascular resistance. The reduction in CO was partially attributable to a lower 

heart rate which together with enhanced BRS suggests a change in autonomic balance towards 

increased parasympathetic HR control.
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aBstract

objective Pressure wave reflections are age dependent and generally assumed to increase 

with increasing peripheral resistance. We sought to determine the effect of standing on wave 

reflection in healthy older and younger individuals and the influence of increased peripheral 

resistance. 

methods During supine rest and active standing, continuous finger arterial blood pressure 

was measured. Data obtained in the supine period and after 1 and 5 minutes standing were 

analyzed. Aortic pressure and flow, calculated from finger pressure, were used to derive forward 

and backward pressure waves, reflection magnitude (ratio of backward and forward pressure 

waves), augmentation index, and peripheral resistance.

results Fifteen healthy older (aged 53±7 years) and fifteen healthy younger (aged 29±5 years) 

subjects were included. In both groups, upon standing, stroke volume, cardiac output and 

pulse pressure decreased with an increase in heart rate and in diastolic pressure. In the older 

group peripheral resistance increased from 1.3±0.4 to 1.5±0.4 and 1.5±0.4 for supine, 1 minute 

and 5 minute standing, whereas reflection magnitude decreased from 0.67±0.1 to 0.61±0.1 

and 0.61±0.1 and augmentation index from 33±11 to 23±12 and 25±11. In the younger group 

peripheral resistance increased from 0.9±0.2 to 1.1±0.2 and 1.1±0.2 while reflection magnitude 

decreased from 0.55±0.05 to 0.48±0.05 and 0.49±0.05 and augmentation index from 18±11 to 

1±18 and 4±19.

conclusion With standing, hemodynamic variables change similarly in older and younger 

subjects. The opposite changes in reflection magnitude and peripheral resistance suggest that 

reflection and pressure augmentation are not solely dependent on peripheral resistance.
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introduction

Elevated central aortic systolic and pulse pressure predict adverse cardiovascular events.1-3 

Since central arterial pressure is related to the elastic properties of arteries, attention has been 

directed towards arterial stiffness, pulse wave velocity (PWV) and wave reflections as indepen-

dent cardiovascular risk factors.4 The central arterial pressure wave is composed of a forward 

and a backward travelling wave.5-7 The amplitude of the forward travelling wave is determined 

by left ventricular ejection and the proximal arterial load represented by the characteristic 

impedance5 whereas the amplitude of the backward travelling wave is determined by the 

amplitude of the forward travelling wave and the distal reflection coefficient. High-resistance 

arterioles are considered to be the major sites of wave reflection in the circulatory system.8

An increase in total peripheral resistance (TPR) is assumed to enhance wave reflection9, 10 

although opposite changes in TPR and reflection during a Valsalva manoeuvre11 and during 

head-up tilt have been reported.12 In response to postural stress, the gravitational displace-

ment of blood to the lower regions of the body reduces cardiac preload accompanied by a 

fall in cardiac output. It is assumed that there is a rapid translocation of about 500 to 700 ml 

thoracic blood to the lower extremity.13, 14 Blood pressure is maintained by a baroreflex medi-

ated increase in vasomotor tone with enhancement of the TPR. The reflex increase in TPR and 

hydrostatic changes in pressure distribution along the vasculature are likely to modify arterial 

properties resulting in changing reflection coefficients, thus pressure wave reflection and pres-

sure wave shape, including augmentation index, reflection magnitude and timing of the pulse 

wave reflections.4, 15, 16

Throughout the normal human lifespan, aortic wall stiffness increases with age leading to 

higher PWV and modification in both time of return and magnitude of the backward wave. In 

contrast to the aorta, the peripheral muscular arterial wall undergoes relatively modest change 

with age. However, microvascular structure and function and thus TPR are altered in the pres-

ence of increased aortic stiffness as previous studies have demonstrated in large, community 

based samples.17-19 We aimed to study the effect of standing on wave reflection in healthy 

older and younger individuals and the influence of increased peripheral resistance during this 

postural stress. 

methods

Subjects

Thirty healthy subjects participated in this study. Fifteen subjects younger than 40 years of 

age were assigned to the younger (YOUNG) group and fifteen subjects older than 50 years 

were classified as older individuals (OLD). All participants were free of medication. Exclusion 

criteria were a history of cardiovascular disease and orthostatic hypotension. The Medical 
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Ethical Committee of the Academic Medical Center of the University of Amsterdam approved 

the study and participants gave their written informed consent. Experiments were performed 

in accordance with the Declaration of Helsinki.

Measurements

The subjects were requested to abstain from caffeinated beverages for 12 h prior to reporting 

to the laboratory (~ 22 ºC) at 8:00 AM after an overnight fast. After instrumentation they rested 

30 min and a baseline recording of cardiovascular variables was obtained with the subject in 

supine position. After another 5 minutes the subject assumed the free standing position and 

remained so for 5 minutes. 

Continuous blood pressure (BP) was measured noninvasively by finger photoplethysmo-

graph (Nexfin 20, 21 BMEYE, Amsterdam, the Netherlands) with the cuff placed on the middle 

phalanx of the left middle finger kept at heart level and the signal was A/D converted at 200 

Hz for off-line analysis. Changes in BP measured by photoplethysmography track those in intra-

arterial BP both at rest and during orthostatic stress.22, 23

Calculations

Arterial pressure was analyzed off-line providing for aortic pressure constructed with a gen-

eralized pressure transfer filter24, 25 delivering beat-to-beat systolic (SBP), diastolic (DBP), and 

mean (MAP) aortic pressure and Pulse Pressure (PP). End of left ventricular ejection (EJT) was 

determined form the pressure incisura. Stroke volume (SV) was obtained from aortic flow as cal-

culated with the 3-element Windkessel model as reported earlier.26, 27 Heart Rate (HR) was the 

inverse of the inter beat interval (IBI). Cardiac Output (CO) was HR times SV, and total peripheral 

resistance (TPR) was the ratio of MAP and CO.

For each participant, the corresponding pressure and flow curves of 20 consecutive beats 

were selected in the supine, and respectively 1 and 5 minutes standing positions and ensemble 

averaged (see Figure 1). Wave form separation by dedicated software programmed in Math-

ematica (Wolfram Research, Inc., Mathematica, Version 4.0, Champaign, IL) was applied to 

derive forward (Pf ) and backward pressure (Pb) waves.6, 7, 28 The Reflection Magnitude was the 

ratio of the amplitudes of Pb and Pf. The Augmentation Index (AIx) was calculated as reported10, 

28, 29 and additionally corrected for HR.30 The return time of reflected wave was derived by 

cross-correlation (cross-correlation time, CCT), i.e. the time shift giving the highest coefficient 

of correlation was taken as the time difference between Pf and Pb.

Statistics

Data are given as mean±SD for each group in the supine, and the two standing positions. Dif-

ferences between supine and standing for 1 and 5 minutes were established with repeated 

measures ANOVA and Holm-Sidak. The YOUNG and OLD were compared with a t-test. Differ-

ences were considered statistically significant at p<0.05.
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results

Group characteristics

Thirty healthy Caucasian subjects (18 males and 12 females) were included and assigned to the 

YOUNG (29±5 years; n=15) respectively OLD (53±7 years; n=15) group (p<0.05). Gender ratio 

was not different. Examples of measured and derived variables during supine and standing 

procedure in the older and younger are shown on Figures 1 and 2, respectively.

Figure 1 Representative example of hemodynamic response in an individual of the older group 
The top panel shows the entire series of aortic pressure with the selected 20 beats used for analysis 
during supine, and respectively 1 and 5 minutes of standing. The second and third panel from the top 
shows 20 separate beats of aortic pressure and flow plotted over each other with mean pressures set 
equal. The fourth panel shows the forward and backward waves obtained by waveform separation. 
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Supine and Standing

The two age groups differed in that PP, SBP, TPR, Pb, RM and AI were lower and SV, CO and 

CCT higher in the YOUNG (Table 1). These differences were consistent throughout supine and 

standing. MAP, EJT and Pf were comparable for both groups in the supine position, but lower in 

YOUNG when standing. In response to standing, PP, SV, CO, EJT, Pb, CCT and AI decreased, while 

DBP, HR and TPR increased in both groups. In YOUNG but not in OLD, Pf declined in response to 

postural stress Conversely, MAP increased in OLD but not in the YOUNG. Supine and standing 

pressures are given in Figure 3, and SV, CO and HR in Figure 4. Pb and Pf both decreased in the 

younger group upon standing, whereas in the older only Pb declined (Figure 5). During stand-

ing, the increase in TPR respectively the decrease in RM and AI were similar among groups. 

Figure 2 Response in an individual of the younger group
For explanation see Figure 1.
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Figure 3 Averaged blood pressures of the 15 individuals per group 
Triangles, circles and inverted triangles represent systolic, mean and diastolic blood pressure, respectively. 
Supine vs Standing: * p<0.05; older vs younger: # p<0.05.

Figure 4 Averaged values of stroke volume, cardiac output, and heart rate 
The circles represent OLD and the squares represent YOUNG. Supine vs Standing: * p<0.05; OLD vs 
YOUNG: # p<0.05.
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When AI corrected for HR,30 it was still lower at 1 minute standing but became similar to the 

supine value for 5 minutes standing for both groups (Friedman test).

discussion

The new finding of this study is that the reflection parameters (RM and AI) decrease from supine 

to standing while the peripheral resistance increases, in both older and younger subjects. These 

findings extend previous observations that showed decreased wave reflection during 60° head 

up tilt.12 Also in line with our study, Tahvanainen and colleagues found no age-related differ-

ences in the AIx response to head up tilt.31

From supine to standing, the altered pressure distribution along the aorta and leg arteries 

affects arterial diameters and local compliances, thereby modifying the reflection magnitude 

and augmentation index. Sitting versus supine AIs were reported to be comparable.32 This may 

implicate that the reduced wave reflection during standing can in part be attributed to changes 

in leg vasculature, perhaps being less affected in the sitting position. At present, there is insuf-

ficient data on distal aortic and leg arterial diameter and compliance changes from supine to 

standing to make a quantitative estimate. Nevertheless our data indicate that both reflection 

magnitude and augmentation index decline from supine to standing (Figure 6). A related result 

is the return time of the reflected wave, here expressed in cross correlation time (CCT), which 

decreases in both groups by standing. With comparable mean arterial pressure in the YOUNG 

group, pulse wave velocity remains similar thus CCT is expected to be similar. Therefore, the ear-

lier return of the reflected wave in the YOUNG must have resulted from a difference in reflection 

phase angle between supine and standing.33 However, individual reflected waves collectively 

Figure 5 Averaged forward and backward pressure wave amplitudes. The circles represent the forward 
pressure waves, inverted triangles backward pressure waves. Supine vs Standing: * p<0.05; OLD vs 
YOUNG: # p<0.05.
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behave like a single backward wave arising from one functional reflection site, which appears 

from the distal aorta, near the termination of the abdominal aorta in the abdomen.34 The impli-

cation of opposite changes in TPR and reflection indices in response to orthostatic stress is that 

major reflections do not originate in the periphery but rather find their origin in the conduit 

arteries, most likely the distal abdominal aorta where they combine as one.11 Consequently 

the current assumption that in healthy subjects an increase in total peripheral resistance is 

accompanied by an age-dependent enhanced wave reflection4, 9, 34, 35 with TPR as the strongest 

determinant and predictor of reflection, does not hold during passive tilt and active standing. 

In supine position sympathetic nervous system induced increases in vascular resistance by cold 

pressure test36 or isometric fatiguing handgrip have shown to increase wave reflection.37

In a model study, peripheral resistance had little effect on a local reflection coefficient.38 The 

frequency dependent reflection coefficient at the distal end of a brachial artery increased by 

15% at the first harmonic (at heart rate) when peripheral resistance was increased with 400%.

Figure 6 Averaged total peripheral resistance, reflection magnitude and augmentation index 
The circles represent older and the squares represent younger. Supine vs Standing: * p<0.05; OLD vs 
YOUNG: # p<0.05.
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The data obtained in this study during supine position demonstrate the previously expected 

higher TPR together with a higher RM and AI in the older subjects. Ageing of the vessels results 

in increased stiffness of the elastic arteries and may increase reflection magnitude. TPR, how-

ever, is predominantly determined by de microcirculation and increases due to vessel remod-

elling and rarefaction. In other words different processes take place in conduit arteries and 

microcirculation. Apparently, processes different from ageing take place in-between supine 

to standing, involving predominantly changes in pressure distribution over large arteries and 

vasoconstriction of the microcirculation. The rise in TPR and the opposite decrease in reflection 

indices in the present study have also been reported during a Valsalva manoeuvre and were 

probably also induced by pressure redistribution over the aorta but have drawn little atten-

tion.39

Changes in most variables were similar in direction in YOUNG and in OLD, although different 

in magnitude. In OLD, Pf did not decrease with standing while it did in YOUNG. In part this can 

be explained by a smaller decrease in stroke volume. Despite differences due to age-related 

vascular remodelling similar pattern in wave reflection is observed in YOUNG as in OLD during 

postural stress.

limitations The present study is limited to the magnitude and the effect of TPR on wave reflec-

tion, future studies should focus on changes arterial stiffness (PWV) with standing. Particularly 

since it has recently been shown that sympathetic nerve activity is related to PWV.40 Aortic 

pressure and flow were not measured but were determined from distal, non-invasive pressure 

measurement. A previous study demonstrated that from the supine to standing position the 

bias for systolic finger pressure did not change significantly.22 The reconstruction of aortic pres-

sure from radial pressure using a generalized transfer function is well-accepted to study wave 

reflection.41, 42 We used a finger to aortic transfer function that gave results similar to those of 

Sharman and colleagues during exercise.25, 43 Radial to aortic44 and finger to brachial45 transfer 

functions have previously been validated suggesting that finger to aorta transfer functions 

should perform adequately.

The use of model-derived flow is a new approach and can be seen as an incremental improve-

ment over the triangulation method. Stroke volume has been validated in supine and standing 

position46. The model is adapted as a function of mean pressure and of patient parameters 

(age, gender, height and weight). It also holds that calibration of flow does not affect the RM.6 

When using a triangle as flow wave shape the same response in RM to standing was found (data 

not shown), although RMs tended to be somewhat smaller as was the case when comparing 

triangulated RMs to measured RMs in the original publication.6 The three element Windkessel 

model that delivers flow has been extensively validated. Particularly the tracking of changes in 

SV is a strong point of this method.46, 47  An advantage of using model derived flow is that the 

shape is smoother than a triangle, which is not a perfect description of flow.48 Of note, both 

methods automatically follow changes in heart rate and ejection period.  



Ch
ap

te
r 1

2

190

The effect of HR on augmentation index was accounted for by using a relation that was deter-

mined in supine subjects.30 It is not known whether postural stress modifies that relationship. 

Nevertheless assuming that the relation holds, corrected AI was still lower at 1 minute standing 

in both groups. Corrected AI became similar to the supine value after 5 minutes standing. The 

RM is less sensitive to HR changes, since the separation of Pf and Pb disentangles the timing 

effects such as the shift into systole of Pb.

Perspectives Most studies are performed with the subject in supine position, whereas humans 

spend two-thirds of the day in either the seated or standing postures which influences wave 

reflection. Moreover, a direct relation between vascular resistance and wave reflection does not 

exist from the supine position to active standing therefore new studies should be designed to 

investigate the role of vascular resistance in systolic hypertension. 
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aBstract

Background An increase in total peripheral resistance (TPR) usually increases arterial wave 

reflection. During passive head up tilt (HUT), however, arterial wave reflection decreases with 

increasing TPR. This study addressed whether arterial wave reflection gradually decreases dur-

ing head up tilt.

methods In 10 healthy volunteers (22-39 years, 9 males) we recorded finger arterial pressures in 

supine position (0º), and 30 and 70 degrees HUT (30º and 70º) and active standing (90º). Aortic 

pressure was constructed from the finger pressure signal and hemodynamics were calculated. 

Arterial wave reflection was quantified as the augmentation index (AIx) and the reflection 

magnitude (RM).

results During head up tilt, heart rate increased (p<0.001), stroke volume and cardiac output 

decreased (p<0.001 and p<0.01), diastolic blood pressure increased (p<0.001), whereas systolic 

blood pressure did not change. TPR increased from 0.9 dyn s/cm5 at 0º to 1.2, 1.4 and 1.4 dyn s/

cm5 at 30º, 70º and 90º (p<0.001). AIx fell gradually from 25 % at 0º to 16, -1 and -10 % at 30º, 70º 

and 90º (p<0.001). The RM decreased from 0.572 at 0º to 0.456 at 90º (p<0.001). 

conclusion From supine to upright arterial wave reflection represented as AIx and RM gradu-

ally decreases in the presence of increasing TPR. 
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introduction

The augmentation index (AIx) is used as a marker of arterial stiffness and arterial wave reflection 

and has been shown to predict the survival of end stage renal disease patients1 and cardiovascu-

lar events in coronary patients.2 There is, however, discussion whether the AIx primarily reflects 

arterial stiffness. Pulse wave velocity (PWV) is a more direct measure of arterial stiffness and is 

considered the gold standard of non-invasive arterial stiffness measurements.3 Both PWV and 

AIx increase with age, but the AIx seems to reach a plateau around 60 years.4 So, the AIx is only 

partially determined by arterial stiffness. The other two factors that influence the AIx are heart 

rate and the time of return of the reflected wave. The AIx has a negative linear relation with heart 

rate5 and is therefore usually presented after correction for a heart rate of 75 beats per minute. 

The location and the contribution of the site of reflection to the AIx have been more difficult to 

establish. Besides major bifurcations, the main reflection sites are thought to be high resistance 

small arteries and arterioles.6, 7 Indeed, angiotensin II or noradrenalin induced vasoconstric-

tion cause an increase in AIx and total peripheral resistance (TPR),8 whereas vasodilators, such 

as nitroprusside and calcium channel blockers lower AIx and TPR.9 These pharmacologically 

induced changes in arterial wave reflection are independent of arterial stiffness.10 

Thus an increase in TPR usually causes an increase in arterial wave reflection as quantified 

by the AIx. AIx and TPR, however, do not always react in parallel. It has been shown that pas-

sive head up tilt (HUT) of 60º decreased the AIx compared to supine position while increasing 

TPR.11, 12 Humans usually are not in supine position for the majority of the day and arterial wave 

reflection decreases during HUT of 60º but it is unknown at which HUT angle arterial wave 

reflection is minimal. We therefore studied AIx and TPR during different angles of passive tilt 

and active standing. A second aim of the study was to disentangle the contribution of forward 

and backward waves during head-up tilt and standing. 

methods

Study subjects and design

We studied 10 healthy volunteers, aged 22-39 years, 9 were male. The participants were non-

smokers, used no medication and had no history of orthostatic fainting. Informed consent was 

obtained from all participants and the study was approved by the ethics committee of Copen-

hagen (KF01-120/96) and performed in accordance with the Declaration of Helsinki. The study 

protocol has been described previously.13 In short, after instrumentation the subjects rested in 

supine (0º) position for 30 min. Participants were subjected to a passive tilt (with foot support) 

protocol which included 30 and 70 degrees head-up tilt (30º and 70º) and an active standing 

(90º) period, all preceded and followed by a period of supine rest (0º) to minimize crossover 
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effect of tilt. We used the first supine period as a baseline measurement and compared the 

different tilt angles to this baseline measurement.

Hemodynamics

Noninvasive finger arterial pressure was recorded with a TNO Finapres Model 5, sampled at 

100 Hz and analyzed off-line. We selected 20 consecutive beats before and 1 minute after each 

change body position for analysis. From the beat selection an aortic pressure was constructed 

with a generalized pressure transfer filter14 to obtain beat-to-beat systolic blood pressure 

(SBP), diastolic blood pressure (DBP), pulse pressure (PP) and mean arterial pressure (MAP). 

Subsequently aortic stroke volume (SV) was calculated with a pulse contour method using 

the 3-element Windkessel model.15, 16 Heart rate (HR) was the inverse of the interbeat interval. 

Cardiac output (CO) was the product of SV and HR, and TPR is MAP divided by CO. 

Arterial wave reflection

Arterial wave reflection was quantified from the pressure signal as the AIx, defined as the ratio of 

augmented pressure and the pulse pressure. Also, the constructed aortic pressure was separated 

into forward (Pf) and backward (Pb) waves by waveform analysis as described by Westerhof and 

colleagues.17 For wave separation the flow wave from the Windkessel was used. This allows the 

calculation of the reflection magnitude (RM) as the ratio of Pb and Pf . Calculations were per-

formed in Mathematica (Wolfram Research Inc., Mathematica, Version 4, Champaign, IL, USA). 

Statistical analysis

Differences in hemodynamics and arterial wave reflection between supine and standing posi-

tion and the different angles of tilt were calculated using Friedman’s ANOVA. The outcomes of 

different angles of tilt and standing were post-hoc compared to supine with Wilcoxon signed 

rank test. Data are expressed as median. A p-value < 0.05 was considered significant. Data were 

analysed using SPSS software version 16.0.1 (SPSS Inc., Chicago, Illinois, USA).

results

Hemodynamic and arterial wave reflection data are shown in table 1 and in figures 1 and 2. Compared 

to supine position, aortic DBP and HR increased, whereas SV and CO decreased during stepwise 

increased angles of passive head up tilt and active standing. Aortic SBP did not significantly change. 

TPR increased from 0.9 dyn s/cm5 at 0º to 1.2, 1.4 and 1.4 dyn s/cm5 at 30º, 70º and 90º (p<0.001). 

AIx fell from 25 % at 0º to 16, -1 and -10 % at 30º, 70º and 90º (p<0.001). The RM also decreased from 

0.572 at 0º to 0.551, 0.469 and 0.456 at 30º, 70º and 90º (p<0.001). In multivariate analyses heart rate 

was an important contributor of AIx or RM (beta for heart rate - 0.66, p<0.001 and - 0.65, p<0.001 
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respectively), but the tilt angle remained a significant and independent predictor of AIx or RM after 

correction for heart rate (beta for tilt angle - 0.27, p=0.02 and - 0.31, p<0.01). 

Figure 3 shows the average measured aortic pressures and the derived forward and backward 

pressure. The amplitude of the forward pressure waves increased from supine to vertical postural 

position, while the backward waves decrease. The measured pressure wave, which is the sum of 

Pf and Pb, does not significantly change in amplitude, but due to the decrease in arterial wave 

reflection the shape of the pressure wave does change from a Murgo type A to a type C.18  

discussion

In this study we show in a group of healthy subjects that from supine to upright the AIx and 

RM decrease gradually and from the onset on, while TPR increases in response to increasing 

angles of passive head up tilt and active standing. The arterial wave reflection was lowest and 

TPR highest in the standing position.  

Tahvanainen and colleagues have shown that the AIx compared to supine position repro-

ducibly decreases upon 60° HUT independent of age.11 12 Our study extends these findings by 

showing that there is a stepwise decrease in AIx during tilting and that this response is also 

present with active standing. 

The AIx response upon tilting and standing seems counterintuitive, since usually an increase 

in TPR coincides with an increase in arterial wave reflection.8, 19, 20 We will briefly discuss the 

table 1

0° 30° 70° 90° anova p-value

SBP, mm Hg 116.3 115.0 113.0 115.1 0.43

DBP, mm Hg 72.6 80.6** 82.9** 82.3** <0.001

MAP, mm Hg 93.9 98.8* 97.6* 98.8* <0.01

HR, bpm 54.2 61.7* 74.7** 75.5** <0.001

SV, ml 90 73.5* 53** 55** <0.001

CO, l/min 5.1 4.9 4.1* 4.0** <0.01

TPR, dyn s /cm5 0.937 1.189* 1.427** 1.418** <0.001

AIx, % 25 16* -1** -9.5** <0.001

RM 0.572 0.551 0.469** 0.456** <0.001

Pf 34.9 32.5 29.9* 30.2** 0.01

Pb 20.0 17.8 14.0** 13.7** <0.001

Data shown are medians for aortic SBP=systolic blood pressure, DBP=diastolic blood pressure, 
MAP=mean arterial pressure, HR=heart rate, SV=stroke volume, CO=cardiac output, TPR=total peripheral 
resistance, AIx=augmentation index, RM=reflection magnitude, Pf=forward pressure wave (Pf ) and 
Pb=backward pressure wave. Differences between the different angles of tilt were calculated using 
Friedman’s ANOVA with post-hoc comparison to supine (0°) with Wilcoxon signed rank test. * p<0.05 vs 0°, 
** p<0.01 vs 0°.
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current concept of arterial wave reflection as used to describe the behaviour of forward and 

backward waves in supine position and we will propose an explanation for our contrasting 

results after postural change. At any place in the arterial system the arterial pressure wave is 

the resultant of a forward and a backward pressure wave. The forward pressure wave is formed 

by contraction of the left ventricle against the arterial load in the proximal aorta. The forward 

wave travels down the elastic large arteries, the aorta and its main branches, where at places of 

impedance mismatch the wave reflects and travels back to the heart. The backward wave that 

arrives in the proximal aorta is the resultant of all individual reflecting waves and augments 

Figure 1 Hemodynamics during different angles of tilt and standing
Data shown are mean±SE for aortic SBP=systolic blood pressure, DBP=diastolic blood pressure, MAP=mean 
arterial pressure, HR=heart rate, SV=stroke volume, CO=cardiac output, TPR=total peripheral resistance.
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Figure 2 Arterial wave reflection during different angles of tilt and standing
Data shown are mean±SE for augmentation index (AIx) and reflection magnitude (RM).

Figure 3 Wave separation
Measured (solid lines), forward (interrupted lines) and backward (dotted lines) pressure waves during 
different angles of tilt and standing.
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the forward pressure wave to form the pressure wave as ‘seen’ by the heart. The main sites of 

reflection are thought to be high resistance arteries and arterioles.6, 7 Indeed, pharmacologi-

cally induced vasoconstriction increases TPR and arterial wave reflection,8 whereas vasodilation 

decreases TPR and arterial wave reflection.9 In response to passive head up tilt or active stand-

ing the postural change causes a gravitational shift of blood to the lower body. This pooling of 

blood causes a decrease in cardiac preload which in turn reduces cardiac output. To counteract 

the initial drop in blood pressure, the baroreflex increases vasomotor tone by an increase in 

sympathetic output, which accelerates HR and increases TPR.21 Since small resistance arteries 

and arterioles are thought to be the major reflection site of arterial pressure waves, the higher 

vasomotor tone is thought to increase arterial wave reflection. Sympathetic nervous system 

induced increases in vascular resistance by cold pressure test19 or isometric fatiguing hand-

grip20 have shown to increase arterial wave reflection. Clearly other factors influence arterial 

wave reflection as well, since a decrease in arterial wave reflection and a concomitant increase 

in TPR during head up tilt has previously been shown.11, 12 It is difficult to disentangle all the 

anatomical, functional and hemodynamic changes upon postural change and its relation to 

arterial wave reflection. The change in body position per se could have an effect on arterial 

diameter and function and could thereby influence arterial wave reflection. Lower body nega-

tive pressure (LBNP) mimics the hemodynamic response to head up tilt, but does this without 

changing body position. Comparable to the response to tilting, LBNP causes a decrease in SV, 

an increase in HR and TPR and also causes a decrease in arterial wave reflection.20 So, changes 

in body position alone cannot fully explain the decrease in arterial wave reflection. Instead, 

the baroreflex mediated increase in sympathetic outflow upon postural change, leads to vaso-

constriction of resistance arteries but this might not be the case for all arterial beds. As part 

of the fright and flight response, catecholamines cause beta2 receptor dependent dilation of 

arterioles of the skeletal musculature. It could be that arterial wave reflection during passive 

tilting and active standing is partially dependent on these beta2 receptor dependent arterioles. 

In line with this is the observation that stimulation of the beta2 receptor with salbutamol in 

supine position causes an endothelium-dependent vasodilation and subsequently a decrease 

in arterial wave reflection.22 Alternatively, the shift of blood volume to the lower body upon 

tilting or standing might cause the aorta and lower arteries to expand leading to alterations in 

impedance mismatch and decreased arterial wave reflection. Finally, the decrease in SV might 

influence the forward pressure wave and thereby influence arterial wave reflection. However, 

the principal differences in the pressure wave were observed in the backward wave. Further-

more, we found no relation between SV and AIx (data not shown). Therefore it is unlikely that 

the observed decrease in SV could explain the decrease in arterial wave reflection. 

A limitation of our study is that we did not correct the AIx for the increase in HR with an 

earlier proposed method.5 We did, however, correct for heart rate in a multivariate analysis and 

found that changes in arterial wave reflection during tilting remain significant after correction 

for changes in HR. We are therefore convinced that the decrease in arterial wave reflection is 
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not solely caused by the increase in HR. Also, we studied young healthy volunteers making it 

difficult to extrapolate our findings to older subjects or patients with cardiovascular risk factors 

or previous cardiovascular disease. Nevertheless, the AIx response to head up tilt does not 

significantly differ between younger and older persons.12 Finally, we used a model to derive 

aortic flow to be able to perform wave separation, and not directly measure aortic flow, which 

will have introduced errors.

In conclusion, we have shown that from supine to upright arterial wave reflection decreases 

gradually with a lowest value in the standing position. 

Perspectives Whether this response is different in specific patient groups and whether this 

differentially effects central blood regulation needs further study. The reaction of arterial wave 

reflection and thereby central blood pressure upon standing might be different for patients 

with a disturbed baroreflex, with increased arterial stiffness or with an activated sympathetic 

system, such as heart failure patients. Arterial wave reflection is normally assessed in supine 

position and it is thought that increased arterial wave reflection augments central systolic pres-

sure thereby increasing left ventricular load, which might cause an increase in left ventricular 

mass. Since humans usually spend most of their time in an upright position it is relevant to 

know whether organ damage such as left ventricular mass is associated with the AIx during 

tilting or standing and whether this relation is different from supine measured AIx.
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BackGround

Vasoconstriction either by pharmacological intervention or by stimulation of the sympathetic 

nervous system increases wave reflection.1, 2 Standing causes a baroreflex mediated increase 

in sympathetic activity and total peripheral resistance, but paradoxically, wave reflection 

decreases upon standing.3 Stimulation of the beta2 receptor with salbutamol causes vasodila-

tion and a decrease in wave reflection.4 Individuals homozygous for the Gly16Glu27 haplotype 

show increased peripheral vasodilation in response to isoproterenol compared to Arg16Gln27.5 

We hypothesized that the reduction in wave reflection during standing partially depends on 

beta2 adrenergic receptor (ADRB2) mediated vasodilation and that Arg16Gln27 carriers show a 

blunted wave reflection decrease upon standing compared to Gly16Glu27 carriers. 

aims

To assess whether wave reflection decreases upon standing and whether this response differs 

between subjects with functional ADRB2 haplotypes, we recruited subjects homozygous for 

Arg16Gln27 or Gly16Glu27 haplotypes.

methods

The study was approved by the local ethics committee and all participants gave written 

informed consent. Healthy subjects were recruited by public advertising. Blood was drawn 

for DNA collection to determine beta2-adrenergic genotypes. Persons were included if they 

were homozygous for the Arg16Gln27 or the Gly16Glu27 haplotype. All measurements were 

performed in the morning after an overnight fast in a quiet and temperature-controlled room. 

After instrumentation the subjects rested in supine position for 30 minutes, before they were 

asked to rise. Noninvasive finger arterial pressure was recorded with a Nexfin device (BMEYE 

BV, Amsterdam, the Netherlands).6 For analysis we selected 20 consecutive beats during the 

supine and after 5 minutes of standing. From the beat to beat selection an aortic pressure was 

constructed with a generalized pressure transfer filter to obtain systolic blood pressure (SBP), 

diastolic blood pressure (DBP), mean arterial pressure (MAP), heart rate (HR), stroke volume 

(SV), cardiac output (CO) and total peripheral resistance (TPR). To assess wave reflection the 

constructed aortic pressure was separated into forward (Pf ) and backward (Pb) waves by 

waveform analysis using software programmed in Mathematica (Wolfram Research Inc., Math-

ematica, Version 4, Champaign, IL, USA) to calculate the reflection magnitude (RM) as 100 x the 

ratio of Pb and Pf. Data are expressed as median±standard error (SE). We used paired t-tests and 

independent t-tests to calculate differences in wave reflection between supine and standing 
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position and between the haplotypes using SPSS software version 16.0.1 (SPSS Inc., Chicago, 

Illinois, USA).7

results

Aortic pressure waves were calculated for 24 healthy subjects (mean age 62±8 yrs, 14 [58%] 

males), 15 subjects had the Gly16Glu27 haplotype (mean age 61±6 yrs, 10 [67%] males) and 

9 subjects the Arg16Gln27 haplotype (mean age 65±11 yrs, 4 [44%] males). Supine and stand-

ing hemodynamic data are given in table 1. In response to standing, SBP, DBP, MAP, HR and 

TPR increased, while SV and Pb decreased. CO and Pf were not significantly different between 

supine and standing. The RM decreased form 73.0±1.7 % in supine position to 67.7±1.9 % while 

standing (p<0.001). The hemodynamic response to standing was not significantly different 

between Arg16Gln27 and Gly16Glu27 carriers. The decrease in RM upon standing was not 

significantly different between subjects homozygous for Gly16Glu27 or Arg16Gln27 haplotype 

(6.0±1.4 % vs 4.1±1.8 %, p=0.40).

conclusion 

Wave reflection, represented by the RM, significantly decreased from supine to standing. 

Wave reflection and hemodynamic response to standing were not different between subjects 

table 1

all
n=24

Gly16Glu27
n=15

arg16Gln27
n=9

Supine Standing p-value* delta delta

SBP, mmHg 130±4 138±4 <0.01 5±4 11±4

DBP, mmHg 67±2 73±3 <0.01 7±3 6±2

MAP, mmHg 88±3 93±3 <0.01 4±2 6±1

HR, bpm 59±2 68±2 <0.001 9±2 10±2

SV, ml 78±3 67±4 <0.01 -13±4 -8±4

CO, l/min 4.6±0.2 4.5±0.3 0.51 -0.3±0.2 0.1±0.3

TPR, dyn s /cm5 1.21±0.4 1.35±0.5 0.06 0.18±0.1 0.07±0.1

RM, % 73.0±1.7 67.7±1.9 <0.001 -6.0±1.4 -4.1±1.8

Pf, mmHg 36±1 35±1 0.29 -2±1 1±2

Pb, mmHg 26±1 24±1 0.01 -4±1 -1±2

Data are median±SE for aortic systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial 
pressure (MAP), heart rate (HR), stroke volume (SV), cardiac output (CO), total peripheral resistance (TPR), 
reflection magnitude (RM), forward pressure wave (Pf ) and backward pressure wave (Pb). The differences 
(delta) in hemodynamic parameters between supine and standing were not significantly different 
between Gly16Glu27 and Arg16Gln27 carriers. * p for supine vs standing.
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homozygous for Gly16Glu27 or Arg16Gln27 haplotype. Small resistance arteries and arterioles 

are thought to be the major reflection site of arterial pressure waves.8, 9 In most situations an 

increase in TPR coincides with an increase in wave reflection.1, 2, 10 Upon standing, the initial 

drop in blood pressure is counteracted by a baroreflex mediated increase in vasomotor tone 

through an increase in sympathetic output accelerating HR and increasing TPR.11 The decrease 

in wave reflection upon standing therefore seems counterintuitive. Lower body negative pres-

sure, which mimics the postural change from supine to standing, also causes an increase in TPR 

and a decrease in wave reflection.10 The vasoconstrictive response upon standing, however, 

might differ between arterial beds. We hypothesized that the reduced beta2 receptor mediated 

vasodilation of Arg16Gln27 carriers might contribute to the smaller decrease in wave reflec-

tion, implying a role of the beta2 receptor in the wave reflection response to postural change. 

We found no significant differences between Gly16Glu27 or Arg16Gln27 carriers. Because of 

the limited sample size we cannot exclude however that small differences in wave reflection 

between ADRB2 haplotypes do exist. Alternatively, the change in body position might have an 

effect on wave reflection through changes in arterial diameter and function. This needs further 

study.
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summary

chapter 1 provides an introduction to this thesis. At first the pitfalls of current cardiovascular 

risk scores are discussed. This is followed by a short description of the value of central hemody-

namics in assessing cardiovascular risk and effects of treatment. Finally, the value of PWV and 

its association with other indicators of subclinical organ damage is discussed.

Part i of the thesis presents a series of studies focussing on central hemodynamics and arterial 

structure and function in patients characterized by congenital abnormalities in or a genetic 

disposition to abnormalities in large artery structure and function. 

In chapter 2 we investigated structural large artery alterations in lecithin:cholesterol acyl 

transferase (LCAT) gene mutation carriers. These patients have a lifelong exposure to low HDL-

cholesterol levels, a strong predictor of cardiovascular disease. Whether LCAT mutation carriers 

have an increased risk of CVD is under dispute. We assessed IMT and plaque components of the 

carotid arteries using ultrasound and 3T MRI in LCAT mutation carriers and compared them to 

healthy age-matched controls. LCAT gene mutation carriers exhibited increased carotid artery 

wall thickening and had a higher total volume of atherosclerotic plaque components com-

pared to age-matched healthy controls. The structural changes in the carotid arteries remained 

significant after adjustment for other cardiovascular risk factors pointing towards an increased 

cardiovascular risk in carriers of a LCAT gene mutation and low HDL-cholesterol.

In chapter 3 we assessed whether the observed structural changes in LCAT mutation carriers 

were associated with functional alterations of large arteries. We assessed large artery stiffness by 

non-invasive measurement of PWV. We showed that aortic PWV is increased in LCAT mutation 

carriers compared to age and sex matched controls, indicative of increased arterial stiffness. 

This difference remained significant in multivariate analysis and after exclusion of patients with 

CVD. In addition we demonstrated a strong correlation between arterial stiffness and thickness 

of the carotid arterial wall as assessed by ultrasound and 3T MRI showing that alterations in 

large artery function and structure coincide in this atherosclerotic phenotype.

In chapter 4 we investigated micro- and macrovascular function of patients with Fabry disease 

an X-linked hereditary lysosomal storage disorder caused by a deficiency of α-galactosidase 

A that leads to accumulation of globotriaosylceramide in various organs and tissues, includ-

ing the arterial wall. We found that IMT was increased and FMD was decreased in male Fabry 

patients compared to matched controls, whereas no difference in IMT and FMD was found in 

females. Despite differences in carotid IMT we found no differences in PWV in male and female 

Fabry patients. Disease severity, as assessed by lysoGb3, was associated with increasing IMT in 
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female patients. In males, however, lysoGb3 did not predict IMT. In both males and females, 

increases in plasma lysoGb3 were associated with lower FMD.

In chapter 5 we examined structural large artery alterations as assessed by PWV in patients 

with premature coronary artery disease and their first degree relatives by comparing them to 

first degree relatives and unrelated controls. We showed that PWV is increased in both patients 

with premature coronary artery disease and their first degree relatives who were free from CVD. 

This difference remained after correction for other cardiovascular risk factors. These data imply 

that apparently healthy asymptomatic first degree relatives of patients with premature coro-

nary artery disease have increased structural large artery abnormalities indicative of increased 

arterial stiffness and early vascular aging.  

In chapter 6 we studied wave reflection in adult post-coarctectomy (CoA) patients, a relatively 

common congenital heart defect characterized by a stenosis in the aortic arch. Despite suc-

cessful surgical repair, adult CoA patients have an increased risk of cardiovascular disease and 

decreased life expectancy compared to the general population. Intra-arterial measurements 

have shown that blood pressure waves are altered in patients with aortic coarctation and that 

the change in pressure waveform may be explained by early and increased reflection of the 

pressure waves on the stenosis. We non-invasively assessed AIx, a measure of wave reflection, 

by applanation tonometry in CoA patients without hypertension or recoarctation. We showed 

that CoA patients had higher AIx compared to matched controls. In order to assess whether 

AIx can be pharmacologically modified in CoA patients we used salbutamol, a beta adrener-

gic agonist and nitroglycerine, a venous and arterial vasodilator to assess whether the wave 

reflection in CoA patients can be modified. At baseline and after administration of salbutamol 

and nitroglycerine AIx remained higher in CoA patients. The mean decrease in wave reflection 

for salbutamol was comparable between the groups. However, nitroglycerine reduced wave 

reflection to a larger degree in CoA patients than in control patients. This suggests that the 

increased wave reflection in CoA patients can, at least in part, be influenced by pharmacologi-

cally induced vasodilatation. 

In chapter 7 we extended our study in CoA patients by assessing determinants of wave reflec-

tion and by examining the association between wave reflection and carotid IMT and LVM as 

markers of organ damage. Besides age and DBP, patch angioplasty type of surgery was an 

independent predictor of AIx in multivariate analysis. This supports the concept that enhanced 

wave reflection is partially caused by early reflection of pressure waves on the reconstructed 

and scarred aortic arch in CoA patients, because less elastic synthetic materials are used in 

the patch angioplasty procedure. Despite the increase in AIx we previously observed in CoA 

patients, AIx was not an independent predictor of carotid IMT or LVMI. 
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In Part ii we assessed peripheral and central hemodynamics in a number of intervention stud-

ies. 

chapter 8 describes the findings of a study on the possible blood pressure lowering effect of 

cocoa. The consumption of cocoa has been associated with a decreased risk of cardiovascular 

morbidity and mortality. One of the mechanism by which cocoa could exert its presumed ben-

eficial effects on cardiovascular disease is by lowering blood pressure. Theobromine, a phos-

phodiesterase inhibitor, which is present in cocoa in high concentrations, might contribute to 

the presumed blood pressure lowering effects of cocoa. In a double-blind placebo-controlled 

three-period cross-over trial we assigned healthy individuals with high-normal and stage 

1 hypertension to a random treatment sequence of dairy drinks containing (1) placebo, (2) 

flavanol-rich cocoa with natural dose consisting of 106 mg theobromine or (3) theobromine 

enriched flavanol-rich cocoa with 979 mg theobromine. Participants were treated for three 

weeks with a two week wash-out period. Natural dose theobromine cocoa did not significantly 

change either 24-hour ambulatory or central systolic blood pressure, whereas theobromine 

enriched cocoa significantly increased 24-hour ambulatory systolic blood pressure while lower-

ing central systolic blood pressure. We found no evidence for any antihypertensive effect of 

flavanol-rich cocoa. In contrast, theobromine enriched cocoa had a differential effect peripheral 

and central blood pressure. How these differential effects translate to the risk of CVD needs 

further exploration.

In chapter 9 we studied the differential effects of intravenous labetalol and sodium nitroprus-

side (SNP) on peripheral and central blood pressure in the immediate treatment of malignant 

hypertension. The treatment of malignant hypertension calls for instant lowering of blood 

pressure. Guidelines advice to lower MAP by 25%, because larger reductions of MAP have 

been associated with symptomatic hypoperfusion of the brain, resulting in cerebral damage 

and even death. In this study we showed that during the treatment of malignant hypertension 

with labetalol or SNP aimed at a 25% reduction in MAP Labetalol gave a greater reduction in 

peripheral SBP and PP than treatment with SNP. Pulse pressure amplification did not change 

with labetalol, but increased with SNP. So, depending on the choice of antihypertensive drugs 

central pulsatile blood pressure components are not fully appreciated when looking at periph-

eral pressures. In the labetalol group, peripheral and central PP were lowered equally as can 

be appreciated from the unchanged PPA. On the other hand, when treatment with SNP would 

have been targeted at peripheral SBP, central SBP would have been lower than desired because 

of the increase in PPA. The possibly larger than expected reductions in central pressure are 

especially relevant in disease states with disturbed cerebral autoregulation such as malignant 

hypertension, where an uncontrolled drop in blood pressure might lead to cerebral hypoperfu-

sion.
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In chapter 10 we continued to study differences in peripheral and central blood pressure, this 

time in heart failure patients. One of the characteristics of heart failure is activation of the sym-

pathetic nervous system. Beta-blockers inhibit the adverse effects of the sympathetic nervous 

system. They are therefore considered the cornerstone of pharmacological treatment of heart 

failure patients. In hypertensive patients, third generation (vasodilatory) beta-blockers, such as 

nebivolol and carvedilol, have been shown to reduce central blood pressure to a greater extent 

than first and second generation beta-blockers, such as atenolol and metoprolol. This may, at 

least in part, be caused by differences in heart rate reduction. In this cross-over study we inves-

tigated whether carvedilol lowers peripheral and central blood pressure more than metoprolol 

in heart failure patients when titrating for the same heart rate. A possible determinant of the 

blood pressure response to carvedilol may include common genetic variations in the beta2-

adrenergic receptor gene (ADRB2). Two highly prevalent single nucleotide polymorphisms, 

Arg16Gly and Gln27Glu in the ADRB2 receptor gene, are associated with altered receptor 

trafficking and downregulation. These two polymorphisms form three common haplotypes 

(Arg16/Gln27, Gly16/Gln27 and Gly16/Glu27). Individuals homozygous for the Gly16/Glu27 

haplotype show increased vasodilation in response to the beta2-receptor agonist isoproterenol 

compared to Arg16/Gln27. In young individuals the Arg16/Gln27 has been associated with 

higher blood pressures. Our second aim was, therefore, to assess whether common functional 

beta2-adrenergic receptor haplotypes mediate treatment response. Our study showed that 

compared to metoprolol, carvedilol lowered peripheral and central blood pressure to a similar 

extent while aiming at a similar rate. The higher blood pressure levels with metoprolol treat-

ment were most pronounced in Arg16/Gln27 carriers.

Body weight is associated with blood pressure and losing weight will lead to a reduction in 

blood pressure. In obese persons, gastric bypass surgery induced weight loss has shown to 

decrease blood pressure. In chapter 11 we aimed learn more about the hemodynamic changes 

and baroreflex cardiovascular control involved by assessing the effects of weight loss six weeks 

after Roux-en-Y gastric bypass surgery on baroreflex sensitivity, systemic hemodynamics and 

the relation between peripheral and central blood pressure in 15 patients. Roux-en-Y gastric 

bypass surgery led to a 13±5 kg (10%) decrease in weight after six weeks and a significant 

decrease in blood pressure. The blood pressure reduction is caused by a marked decrease in 

cardiac output, while systemic vascular resistance slightly increased. Baroreflex sensitivity, as 

a measure of autonomic balance, significantly improved after surgery. Overall gastric bypass 

surgery led to an improved hemodynamic profile and the enhanced baroreflex sensitivity sug-

gests a change in autonomic balance towards increased parasympathetic heart rate control.

Part iii explores the effects of postural change from supine to standing on wave reflection.
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It has previously been shown that during 60° head up tilt wave reflection decreases compared 

to supine position. In chapter 12 we investigated the influence of increased peripheral resis-

tance from supine to standing on wave reflection and the effects of age in this response to 

postural change. In 15 healthy older and 15 younger individuals aortic pressure and flow were 

calculated from finger pressure during supine rest and active standing. Then from aortic pres-

sure and flow forward and backward pressure waves, reflection magnitude (ratio of backward 

and forward pressure waves), augmentation index, and peripheral resistance were derived. 

Both in the healthy older and younger subjects, upon standing, peripheral resistance increased, 

whereas reflection magnitude and augmentation index decreased. The opposite changes in 

reflection magnitude and peripheral resistance suggest that reflection and pressure augmenta-

tion are not solely dependent on peripheral resistance.

In chapter 13 we elaborated on the wave reflection response to postural change. We stud-

ied hemodynamics and wave reflection, calculated from continuous finger arterial pressure 

monitoring, during different angels of head up tilt in ten healthy volunteers. We showed that 

from supine position to 30 and 70 degrees head up tilt and active standing (90º) AIx and the 

reflection magnitude (RM) gradually decreased in the presence of increasing systemic vascular 

resistance, stroke volume and heart rate decreased. 

Finally, in chapter 14 we set out to test our hypothesis that the reduction in wave reflection 

during standing partially depends on ADRB2 mediated vasodilation and that Arg16Gln27 

carriers show a blunted wave reflection decrease upon standing compared to Gly16Glu27 

carriers. As in chapter 12 and 13 we showed in this study that from supine to standing total 

peripheral resistance increased while wave reflection decreased. Wave reflection and hemo-

dynamic response to standing, however, were not different between subjects homozygous for 

Gly16Glu27 or Arg16Gln27 haplotype. We speculate that the change in body position might 

have an effect on wave reflection through changes in arterial diameter and function.

PersPectives

The general aim of this thesis was to study whether central hemodynamics and arterial stiff-

ness provide additional value over peripheral blood pressure in the prediction and treatment 

of cardiovascular risk by studying phenotypes which are characterized by early vascular ageing 

or anatomic abnormalities of the aorta. In addition we explored the effect of different phar-

macological agents on peripheral and central hemodynamics. We have shown that apparently 

healthy and asymptomatic subjects with inherited low HDL-cholesterol, Fabry disease and 

persons with a family history of premature coronary artery disease show signs of early vascular 

aging and should be considered at increased risk of cardiovascular disease. We showed that 
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antihypertensive interventions, either with nutraceuticals or pharmacological agents, might 

have a differential impact on peripheral and central hemodynamics. The implications of these 

findings and future perspectives will be discussed below.

Arterial stiffness

Large artery stiffness increases with age and is the principal determinant of isolated systolic 

hypertension (ISH) and hypertension-related cardiovascular morbidity and mortality. ISH is 

more difficult to treat than combined systolic-diastolic hypertension. In the past two decades 

the focus of hypertension research has therefore shifted towards the predictive value of arterial 

stiffness indices. There are several methods to measure arterial stiffness. PWV is considered the 

gold standard arterial stiffness measurements. Both in hypertensive patients and in the general 

population PWV has been shown to predict cardiovascular morbidity and mortality indepen-

dent of (and beyond) blood pressure and other cardiovascular risk factors.1, 2 PWV is therefore 

increasingly used in prospective observational studies and clinical trials. We showed that 1) 

LCAT mutation carriers have increased PWV and cIMT compared to age matched controls, 

2) Fabry patients have increased cIMT but no significant increase in PWV and 3) first degree 

relatives of patients with premature coronary artery disease have increased PWV compared to 

healthy controls. Thus arterial stiffness seems to be a distinct entity that is not always associated 

with structural large artery abnormalities. Possible implementation of PWV measurements in 

the follow up of subjects at risk of cardiovascular disease should therefore be further studied. 

Before PWV measurements can be implemented in clinical practice to assess cardiovascular 

risk, however, several issues need to be addressed. First, the different systems to measure PWV 

that are commercially available show important differences in absolute values of PWV. These 

values mainly differ because of differences in 1) mathematical ways of determining the begin-

ning of the pulse wave and 2) measuring the path length of the pulse waves. These issues have 

been addressed by calculating equations to convert between the different algorithms of foot-

of-the-wave assessment and between the different path lengths.3, 4 This approach is far from 

perfect and true standardisation between the different methodologies should be implemented. 

Second, reference values for PWV are urgently needed to identify individual patients at risk for 

cardiovascular disease. Recently, a collaboration has generated normal and reference values of 

PWV per age decade and blood pressure category.5  With these reference values individualized 

risk prediction becomes feasible. However, there is debate whether implementing PWV in the 

clinical work-up of patients will improve risk stratification. A recent analysis from the Rotterdam 

study showed that PWV measurements in an elderly population (n= 2849, mean age 72 years) 

was significantly associated with cardiovascular risk, but did not improve risk stratification.6 

However, in a middle-aged population (n=1968, age 41-71 years) PWV measurements were 

independently associated with cardiovascular disease and significantly improved cardiovascu-

lar risk prediction, especially in subjects with low estimated cardiovascular disease risk (<5% 
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cardiovascular mortality in 10 years according to SCORE).7 Furthermore a recent analysis from 

the Framingham Heart Study (mean age 63 years) showed that risk of cardiovascular disease 

increased by 48% per SD increase in PWV.8 The group of asymptomatic first degree relatives of 

patients with premature coronary artery disease described in chapter 5 are a perfect example 

of an apparently low risk group according to traditional risk score, who do show signs of early 

vascular aging and might therefore be at increased risk of cardiovascular disease and should 

receive close follow up and possibly early preventive (pharmacological) interventions. Finally, 

it is still unclear whether identification and treatment of persons at high-risk for cardiovascular 

disease based on PWV measurements will lead to improved outcome since prospective inter-

vention studies are missing. 

In conclusion the added value of PWV seems to be in risk stratification of individuals with 

a low risk according the traditional risk scores. This should be assessed in prospective studies.

Central hemodynamics

Central hemodynamic measurements provide a unique opportunity to study the pathophysi-

ological mechanisms behind cardiovascular diseases and treatment strategies. The pivotal 

question is whether central blood pressure and wave reflection provide added value over 

peripheral blood pressure components in clinical practice. In other words: should we convince 

family physicians, internists, cardiologists or any other medical professional involved in the 

prevention and/or treatment of cardiovascular disease to perform central blood pressure 

measurements in stead of or next to ‘normal’ brachial blood pressure readings? Clearly, there 

is more and more epidemiological evidence that central blood pressure is a better predictor of 

cardiovascular morbidity and mortality than peripheral or brachial blood pressure. The added 

value, however, seems small. Apart from the fact that there still are technical issues about the 

correct way of calibrating central pressure readings, there have so far been no clinical end-

point studies in which treatment was guided by central rather than peripheral blood pressure 

measurements. Although effective treatment options, including lifestyle modifications and 

pharmacological agents to lower blood pressure and reduce target organ damage are avail-

able,9 one of the biggest problems is low awareness and control of hypertension. A population 

based study in the US demonstrated that only 36.8% of hypertensive patients have controlled 

blood pressure values.10 Compared to the US these figures for Europe are even worse.11 The 

main focus of clinicians should be on controlling hypertension in general, rather than on fine 

tuning treatment.  Nevertheless, there are clinical situations were the additional value of central 

blood pressure may be of particular interest. There are individuals, mainly young men, who 

have brachial systolic hypertension, but normal central blood pressures. This is called spurious 

systolic hypertension or pseudo systolic hypertension of youth12-14 and has been attributed to 

extreme pulse pressure amplification and low wave reflection, because of highly elastic arter-

ies12. This view, however, has been argued by suggesting increased elevated stroke volume 

and/or aortic stiffness, which have been observed in young systolic hypertensives, contributed 
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to this phenomenon.15, 16 Because central blood pressure and echocardiograms were normal 

in these patients,12 they are likely not at increased risk for cardiovascular disease, although this 

also is debated. Estimating central blood pressure using applanation tonometry may be an 

excellent way of identifying these patients, who may not benefit from blood pressure lowering 

treatment, but long term follow-up studies assessing the risk of hypertension and cardiovascu-

lar disease are lacking.    

Furthermore there is some evidence that agents that exert a greater effect on central blood 

pressure may give additional cardiovascular protection. For example, the CAFE study has 

shown that although beta-blocker/diuretic based treatment lowered peripheral blood pres-

sure to the same extent as CCB/ ACE-inhibitor based treatment, central blood pressure was 

significantly lower in the latter group.17 It was also observed that cardiovascular morbidity and 

mortality was significantly lower with CCB/ACE inhibitor treatment, but the link between the 

lower central blood pressure and the reduction in cardiovascular events has never formally 

been established. Therefore it is great importance that clinical trials provide evidence that 

central blood pressure guided therapy gives a reduction in cardiovascular morbidity and 

mortality compared to peripheral blood pressure guided therapy, before we implement central 

hemodynamics in clinical practice. Perhaps new devices that have been developed to assess 

the 24 hour ambulatory central blood pressure profile can contribute to this. 
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hoofdstuk 1 geeft een inleiding van dit proefschrift. Als eerste worden de valkuilen van hui-

dige cardiovasculair risicoscores besproken. Dit wordt gevolgd door een korte beschrijving van 

de waarde van de centrale hemodynamiek bij de beoordeling van cardiovasculair risico en bij 

het beoordelen van effecten van behandeling. Ten slotte wordt de waarde van PWV, als maat 

voor vaatwandstijfheid, en het verband met andere maten van subklinische orgaanschade 

besproken.

In deel i van het proefschrift wordt een reeks van studies gepresenteerd die gericht is op 

centrale hemodynamiek en arteriële structuur en functie bij patiënten die gekenmerkt worden 

door een aangeboren afwijking in of een genetische aanleg tot veranderingen in structuur en 

functie van de grote arteriën. 

In hoofdstuk 2 hebben we structurele veranderingen in de grote vaten bij lecithine: cholesterol 

acyl transferase (LCAT) gen mutatiedragers onderzocht. Deze patiënten hebben een levens-

lange blootstelling aan laag HDL-cholesterol,  wat beschouwt wordt als een sterke voorspeller 

van hart- en vaatziekten. Er is discussie of LCAT mutatiedragers een verhoogd risico hebben 

op hart en vaatziekten. Wij onderzochten de intima media dikte en plaque componenten van 

de halsslagaders met behulp van echografie en 3T MRI bij de LCAT mutatiedragers en verge-

leken deze met gezonde leeftijd gematchte controles. LCAT gen mutatiedragers toonden een 

verhoogde halsslagader wand verdikking en hadden een hogere totale volume van de athe-

rosclerotische plaque componenten ten opzichte van leeftijd gematchte gezonde controles. 

Ook correctie voor andere cardiovasculaire risicofactoren bleef de structurele verandering in 

de halsslagaders significant. Dit zou kunnen wijzen op een verhoogd cardiovasculair risico bij 

dragers van een LCAT gen mutatie en een laag HDL-cholesterol.

In hoofdstuk 3 hebben we onderzocht of de waargenomen structurele veranderingen in 

LCAT mutatiedragers zijn geassocieerd met functionele veranderingen van de grote vaten. Wij 

hebben vaatwandstijfheid gemeten door niet-invasieve PWV meting. We hebben aangetoond 

aan dat de PWV is verhoogd bij LCAT mutatiedragers ten opzichte van leeftijd en geslacht 

gematchte controles, wat wijst op verhoogde vaatwandstijfheid. In multivariate analyse bleef 

dit verschil significant, ook na uitsluiting van patiënten met hart- en vaatziekten. Daarnaast 

toonden we aan dat er een sterke correlatie is tussen vaatwandstijfheid en de dikte van de arte-

ria carotis wand gemeten met echografie en 3T MRI. We laten hiermee zien dat veranderingen 

in de functie en structuur van arteriën samen gaan bij dit atherosclerotische fenotype.

In hoofdstuk 4 onderzochten we micro-en macrovasculaire functie van patiënten met de 

ziekte van Fabry, een X-gebonden erfelijke lysosomale stapelingsziekte veroorzaakt door een 
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tekort aan α-galactosidase A leidend tot accumulatie van globotriaosylceramide in diverse 

organen en weefsels, waaronder de arteriewand. IMT was verhoogd en FMD was verminderd 

bij mannelijke Fabry patiënten in vergelijking met gematchte controles, terwijl er geen verschil 

in IMT en FMD werd gevonden bij vrouwen. Ondanks de verschillen in IMT vonden we geen 

verschillen in PWV bij mannelijke en vrouwelijke Fabry patiënten. De ernst van de ziekte, zoals 

beoordeeld met lysoGb3, was geassocieerd met een toenemende IMT bij vrouwelijke patiën-

ten. Bij mannen, echter, is lysoGb3 geen voorspeller van IMT. Bij zowel mannen als vrouwen zijn 

verhogingen van plasma lysoGb3 geassocieerd met een lagere FMD.

In hoofdstuk 5 vergeleken we PWV als maat voor vaatwandstijfheid bij patiënten met pre-

mature coronaire hartziekte en hun eerstegraads familieleden en ongerelateerde controles. 

We toonden aan dat PWV is verhoogd bij zowel patiënten met premature coronaire hartziekte 

als hun eerstegraads familieleden, die geen hart- en vaatziekten hadden. Dit verschil bleef 

bestaan na correctie voor andere cardiovasculaire risicofactoren. Deze gegevens impliceren 

dat ogenschijnlijk gezonde asymptomatische eerstegraads familieleden van patiënten met 

premature coronaire hartziekte structurele slagader afwijkingen en vroegtijdige veroudering 

van bloedvaten lijken te hebben.

In hoofdstuk 6 hebben we polsgolfreflectie bij volwassen post-coarctectomy (CoA) patiënten, 

een relatief veel voorkomende aangeboren hartafwijking die wordt gekenmerkt door een 

vernauwing in de aortaboog, bestudeerd. Ondanks succesvolle chirurgische correctie hebben 

volwassen CoA patiënten een verhoogd risico op hart- en vaatziekten en een verminderde 

levensverwachting in vergelijking met de algemene bevolking. Intra-arteriële metingen heb-

ben aangetoond dat bloeddrukgolven zijn veranderd bij patiënten met coarctatie van de aorta 

en dat deze verandering in polsgolfvorm kan worden verklaard door vroege en toegenomen 

reflectie van de drukgolven op de stenose. We hebben door middel van niet-invasieve appla-

natie tonometrie de augmentatie index (AIx), een maat voor polsgolfreflectie, gemeten in CoA 

patiënten zonder hypertensie of recoarctatie. We toonden aan dat CoA-patiënten een hogere 

AIx hebben in vergelijking met gematchte controles. Om te beoordelen of de AIx farmacolo-

gisch kan worden veranderd in CoA patiënten, hebben we salbutamol, een bèta-adrenerge 

agonist, en nitroglycerine, een veneuze en arteriële vaatverwijder toegediend aan CoA patiën-

ten. Bij aanvang en na toediening van salbutamol en nitroglycerine bleef de AIx hoger in CoA 

patiënten. De gemiddelde daling in polsgolfreflectie met salbutamol was vergelijkbaar tussen 

de groepen. Echter, nitroglycerine vermindert polsgolfreflecties meer bij CoA patiënten dan 

bij controlepatiënten. Dit suggereert dat de toename van polsgolfreflectie in CoA patiënten in 

ieder geval gedeeltelijk farmocologisch kan worden beïnvloed.

In hoofdstuk 7 hebben we onze studie in CoA patiënten uitgebreid door te onderzoeken wat 

de determinanten van polsgolfreflectie zijn en door het verband tussen polsgolfreflectie en 
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IMT en LVM als merkers van orgaanschade te onderzoeken. Naast leeftijd en bloeddruk, bleek 

in multivariate analyse patch angioplastiek chirurgie een onafhankelijke voorspeller van AIx. 

Dit ondersteunt het concept dat versterkte polsgolfreflectie deels wordt veroorzaakt door 

vroege reflectie van drukgolven op de gereconstrueerde en littekens aortaboog in CoA patiën-

ten, omdat bij de patch angioplastiek procedure synthetische materialen worden gebruikt die 

minder elastisch zijn dan natuurlijk weefsel. Ondanks dat de AIx hoger is bij CoA patiënten, is 

AIx geen onafhankelijke voorspeller van IMT of LVMI.

In deel ii hebben we perifere en centrale hemodynamiek in een aantal interventie studies 

onderzocht.

hoofdstuk 8 beschrijft de bevindingen van een studie naar het mogelijke bloeddrukverla-

gende effect van cacao. De consumptie van cacao is geassocieerd met een verminderd risico 

op hart- en vaatziekten. Een van de mechanismen waarmee cacao zijn veronderstelde gun-

stige effecten op hart- en vaatziekten kan uitoefenen is door het verlagen van de bloeddruk. 

Theobromine, een fosfodiësterase remmer die aanwezig is in cacao in hoge concentraties, kan 

bijdragen aan de veronderstelde bloeddrukverlagende effecten van cacao. We hebben in een 

dubbel-blinde placebo-gecontroleerde drie-perioden cross-over studie gezonde individuen 

met een hoog-normale bloeddruk en graad 1 hypertensie behandeld met drie verschillende 

zuiveldranken: (1) placebo, (2) flavanol-rijke cacao met natuurlijke dosis theobromine met 

daarin 106 mg theobromine of (3) theobromine verrijkte flavanol-rijke cacao met 979 mg 

theobromine. De deelnemers werden gedurende drie weken behandeld met daarna een twee 

weken durende wash-out periode. Behandeling met natuurlijke dosis theobromine cacao liet 

geen significante verandering in ofwel 24-uurs ambulante danwel centrale systolische bloed-

druk zien, terwijl tijdens behandeling met de theobromine verrijkt cacao de 24-uurs ambulante 

systolische bloeddruk toenam, terwijl tegelijkertijd de centrale aorta systolische bloeddruk 

werd verlaagd. We vonden dus geen bewijs voor enig bloeddrukverlagend effect van flavanol-

rijke cacao. Daarentegen had theobromine verrijkt cacao een differentieel effect perifere en 

centrale bloeddruk. Hoe deze differentiële effecten zich vertalen naar het risico op hart- en 

vaatziekten moet verder worden onderzocht.

In hoofdstuk 9 hebben we de differentiële effecten op de perifere en centrale bloeddruk 

van intraveneuze behandeling van maligne hypertensie met labetalol en natrium nitroprus-

side (SNP) onderzocht. Bij maligne hypertensie dient de bloeddruk onmiddellijk verlaagd te 

worden. Richtlijnen adviseren de MAP met niet meer dan 25% te verlagen, omdat een grotere 

verlaging van de MAP kan leiden tot symptomatische hypoperfusie van de hersenen, wat kan 

resulteren in cerebrale schade en zelfs kan leiden tot de dood. We hebben in deze studie laten 

zien dat tijdens de behandeling van maligne hypertensie gericht op een 25% reductie in MAP, 

labetalol een grotere daling gaf van de perifere SBP en PP dan de behandeling met SNP. De 
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pulse pressure amplification veranderde niet met labetalol, maar nam toe met SNP. Dus, afhan-

kelijk van welk bloeddrukverlagend middel wordt gekozen zal het effect op centrale bloed-

druk niet volledig worden gezien wanneer alleen naar de perifere druk wordt gekeken. In de 

labetalol groep werden perifere en centrale PP in dezelfde mate verlaagd. Als de behandeling 

met SNP echter zou zijn gericht op de perifere SBP, dan zou de centrale SBP lager zijn geweest 

dan gewenst als gevolg van de toename van de PPA. De mogelijk groter dan verwachte afname 

van de centrale druk is voornamelijk van belang bij de ziektes waarbij er sprake is van een 

gestoorde cerebrale autoregulatie, zoals maligne hypertensie, waarbij een ongecontroleerde 

daling van de bloeddruk kan leiden tot cerebrale hypoperfusie.

Ook in hoofdstuk 10 hebben we de verschillen in perifere en centrale bloeddruk onderzocht, 

ditmaal bij patiënten met hartfalen. Een van de kenmerken van hartfalen is activering van het 

sympathische zenuwstelsel. Beta-blokkers remmen de negatieve effecten van het sympathi-

sche zenuwstelsel. Zij worden daarom beschouwd als de hoeksteen van de medicamenteuze 

behandeling van patiënten met hartfalen. Bij patiënten met hypertensie is aangetoond dat 

derde generatie (vaatverwijdende) beta-blokkers, zoals nebivolol en carvedilol, de centrale 

bloeddruk meer verlagen dan eerste en tweede generatie beta-blokkers, zoals atenolol en 

metoprolol. Dit kan gedeeltelijk worden verklaard door verschillen in de verlaging van de 

hartfrequentie. In deze cross-over studie hebben we onderzocht of carvedilol de perifere en 

centrale bloeddruk meer verlaagd dan metoprolol bij patiënten met hartfalen. Onze studie 

toonde aan dat in vergelijking met metoprolol, carvedilol centrale bloeddruk meer verlaagt bij 

een vergelijkbare verlaging van de perifere bloeddruk.

Lichaamsgewicht is geassocieerd met bloeddruk en gewichtsverlies leidt tot een verlaging 

van de bloeddruk. Bij obese personen is aangetoond dat gewichtsverlies door bariatrische 

chirurgie de bloeddruk verlaagd. Het doel van hoofdstuk 11 was om bij 15 patiënten het effect 

van Roux-en-Y gastric bypass chirurgie (RYGBS) op de systemische hemodynamiek, perifere 

en centrale bloeddruk en de baroreflex gevoeligheid te bestuderen voor en zes weken na de 

operatie. RYGBS zorgde voor een 13±5 kg (10%) afname in gewicht na zes weken en een sig-

nificante daling van de bloeddruk. De bloeddrukdaling werd veroorzaakt door een duidelijke 

afname van het hartminuutvolume, terwijl de systemische vaatweerstand toenam. Baroreflex 

gevoeligheid, als maat voor de autonome balans, verbeterde aanzienlijk na de operatie. Dus 

RYGBS heeft geleid tot een verbeterd hemodynamisch profiel en verbeterde baroreflex gevoe-

ligheid, wat duidt op een verandering in de autonome balans naar meer parasympathische 

controle van de hartslag.

In deel iii van het proefschrift worden de gevolgen van de orthostatische verandering van 

liggen naar staan op polsgolfreflectie onderzocht.



Ch
ap

te
r 1

5

226

Het is eerder aangetoond dat de polsgolfreflectie daalt bij positieverandering van rugligging 

naar 60 ° head up tilt (HUT). In hoofdstuk 12 hebben we onderzoek gedaan naar de invloed 

van de verhoging van de perifere weerstand bij positieverandering van liggen naar staan   

op polsgolfreflectie en de effecten van leeftijd hierop. Bij 15 gezonde oudere en 15 jongere 

personen werden aortadrukken berekend op basis van bloeddrukmetingen aan de vinger in 

rugligging en tijdens actief staan. Vanuit de aortadrukken werd de augmentation index (AIx) 

en de reflection magnitude (RM), beide een maat voor polsgolfreflectie, berekend. Ook werd 

de perifere weerstand berekend. Zowel in de gezonde oudere als in de jongere mensen, werd 

na het opstaan de perifere weerstand hoger, terwijl de AIx en de RM daalden. De tegenoverge-

stelde verandering in polsgolfreflectie en perifere weerstand suggereert dat polsgolfreflectie 

niet alleen afhankelijk is van de perifere weerstand.

In hoofdstuk 13 hebben we verder gekeken naar het effect van lichaamshouding op pols-

golfreflectie tijdens verschillende graden van HUT. We hebben hemodynamische parameters 

en polsgolfreflectie berekend uit continue vinger bloeddrukmetingen in tien gezonde vrijwil-

ligers. We hebben aangetoond dat vanuit rugligging naar 30 en 70 graden HUT en actief staan   

(90 º) de AIx en RM geleidelijk afnemen in de aanwezigheid van een geleidelijk toenemende 

systemische vaatweerstand, terwijl het slagvolume en de hartslag daalden.

Ten slotte hebben we in hoofdstuk 14 onze hypothese getest of de vermindering van 

polsgolfreflectie tijdens het staan   deels afhankelijk zou kunnen zijn op ADRB2 gemedieerde 

vaatverwijding en of Arg16Gln27 dragers een verminderde daling van polsgolfreflectie laten 

zien bij de positieverandering van liggen naar staan   in vergelijking met Gly16Glu27 dragers. 

Zoals in hoofdstuk 12 en 13 hebben we ook hier laten zien dat van liggen naar staan de   totale 

perifere weerstand toeneemt, terwijl polsgolfreflectie afneemt. Polsgolfreflectie en de hemody-

namische respons op staan, bleken echter niet verschillend tussen personen die homozygoot 

zijn voor Gly16Glu27 of Arg16Gln27 haplotype. We speculeren dat de positieverandering van 

het lichaam een effect kan hebben op polsgolfreflectie door veranderingen in de diameter en 

functie van de aorta en andere grote vaten.

PersPectieven

Het voornaamste doel van dit proefschrift was te onderzoeken of het meten van centrale 

hemodynamiek en vaatwandstijfheid een toegevoegde waarde heeft ten opzichte van 

perifere bloeddruk bij het voorspellen en behandelen van cardiovasculaire risicofactoren. Dit 

hebben we gedaan door het bestuderen van ziektebeelden en patiënten met fenotypische 

karakteristieken, die worden gekenmerkt door vroege vasculaire veroudering of anatomische 

afwijkingen van de aorta. Daarnaast hebben we het effect van verschillende farmacologische 
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middelen op perifere en centrale hemodynamiek onderzocht. We hebben laten zien dat ogen-

schijnlijk gezonde en asymptomatische patiënten met erfelijke laag HDL-cholesterol, de ziekte 

van Fabry en personen met een familiare voorgeschiedenis van premature coronaire hartziekte 

tekenen vertonen van vroege vasculaire veroudering en dat die waarschijnlijk beschouwd 

moeten worden als hebbende een verhoogd risico op hart- en vaatziekten. We toonden aan 

dat bloeddrukverlagende interventies, ofwel met nutraceuticals of farmacologische middelen, 

een verschillend effect op de perifere en centrale hemodynamiek kunnen hebben. De impli-

caties van deze bevindingen en toekomstperspectieven zullen hieronder worden besproken.

Arteriële vaatwandstijfheid

Vaatwandstijfheid neemt toe met de leeftijd en is de belangrijkste determinant van geïsoleerde 

systolische hypertensie (ISH) en daarmee de aan hypertensie gerelateerde cardiovasculaire 

morbiditeit en mortaliteit. ISH is moeilijker te behandelen dan gecombineerde systolische-

diastolische hypertensie. In de afgelopen twee decennia is de focus van hypertensie onderzoek 

dan ook verschoven naar de voorspellende waarde van arteriële vaatwandstijfheid. Er zijn 

verschillende methoden om vaatwandstijfheid te meten. PWV wordt beschouwd als de gou-

den standaard van vaatwandstijfheid metingen. Zowel bij hypertensieve patiënten als bij de 

algemene bevolking is aangetoond dat PWV cardiovasculaire morbiditeit en mortaliteit onaf-

hankelijk van de bloeddruk en andere cardiovasculaire risicofactoren factors kan voorpellen.1, 

2 Daarom wordt PWV in toenemende mate gebruikt in prospectieve observationele studies en 

klinische trials. Wij toonden aan dat 1) LCAT mutatie dragers een toegenomen PWV en cIMT 

hebben ten opzichte van leeftijd gematchte controles, 2) Fabry-patiënten een toegenomen 

cIMT hebben, maar geen significante verhoging van de PWV en 3) eerstegraads familieleden 

van patiënten met premature coronaire hartziekte een toegenomen PWV hebben ten opzichte 

van gezonde controles. Vaatwandstijfheid lijkt dus een aparte entiteit, die niet altijd geassoci-

eerd is met structurele arteriële afwijkingen. Eventuele implementatie van PWV metingen in 

de follow-up van personen met een toegenomen risico op hart- en vaatziekten moet daarom 

verder onderzocht worden.

Voordat PWV metingen echter kunnen worden toegepast in de klinische praktijk om het risico 

op hart- en vaatziekten te kunnen schatten, moeten een aantal problemen worden opgelost. 

Ten eerste, de verschillende systemen voor PWV metingen tonen belangrijke verschillen in 

absolute waarden van PWV. Deze waarden verschillen hoofdzakelijk als gevolg van verschillen 

in 1) de mathematische methode voor het bepalen van het begin van de polsgolf en 2) het 

meten van de lengte van de afgelegde weg van de polsgolven. Deze problemen zijn aangepakt 

doordat formules zijn gemaakt voor het omrekenen tussen de verschillende methodes.3, 4 Deze 

aanpak is echter verre van ideaal en echte standaardisatie tussen de verschillende methoden 

moeten worden nagestreefd. Ten tweede is er dringend behoefte aan referentiewaarden voor 

PWV om individuele patiënten te identificeren, die risico lopen op hart- en vaatziekten. Onlangs 
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zijn referentiewaarden van PWV per leeftijd en bloeddruk categorie in een samenwerkings-

verband berekend.5 Met deze referentiewaarden wordt geïndividualiseerde risicovoorspelling 

mogelijk. Er is echter discussie of het meten PWV in de klinische work-up van de patiënten 

risicostratificatie zal verbeteren. Een recente analyse van de Rotterdam studie toonde aan dat 

PWV in een oudere populatie (n = 2849, gemiddelde leeftijd 72 jaar) significant geassocieerd 

was met het risico op hart- en vaatiziekten, de risicostratificatie verbeterde echter niet.6 In 

een populatie van middelbare leeftijd (n = 1968, leeftijd 41-71 jaar), bleken PWV metingen 

onafhankelijk geassocieerd te zijn met hart- en vaatziekten en gaf PWV een sterk verbeterde 

cardiovasculaire risicovoorspelling, vooral bij patiënten met een laag geschat risico op hart- 

en vaatziekten (<5% cardiovasculaire mortaliteit gedurende 10 jaar volgens SCORE).7 Verder 

toonde een recente analyse van de Framingham Heart Study (gemiddelde leeftijd 63 jaar) aan 

dat het risico op hart- en vaatziekten met 48% is verhoogd per 1 SD stijging van de PWV.8 

De groep van asymptomatische eerstegraads familieleden van patiënten met premature coro-

naire hartziekte, beschreven in hoofdstuk 5, is een perfect voorbeeld van een ogenschijnlijk 

laag-risico groep volgens de traditionele risicoscores, die toch tekenen van vroege vasculaire 

veroudering vertoont en dus een verhoogd risico op hart- en vaatziekten heeft. Deze personen 

hebben recht op goede begeleiding en controle en eventueel vroegtijdige preventieve (farma-

cologische) interventies. Ten slotte is het nog onduidelijk of de identificatie en behandeling van 

personen met een hoog risico voor hart- en vaatziekten op basis van PWV metingen zal leiden 

tot een betere uitkomst, omdat prospectieve interventiestudies ontbreken.

Concluderend lijkt de toegevoegde waarde van PWV te liggen in risicostratificatie van 

personen met een laag risico volgens de traditionele risicoscores. Dit zal onderzocht moeten 

worden in prospectieve studies.

Centrale hemodynamiek

Centrale hemodynamische metingen geven een unieke mogelijkheid om de pathofysiologi-

sche mechanismen van hart- en vaatziekten en behandelstrategieën te bestuderen. De vraag 

is of in de klinische praktijk het meten van centrale bloeddruk en polsgolfreflecties een toege-

voegde waarde biedt bovenop het meten van perifere bloeddrukcomponenten. Met andere 

woorden: moeten we huisartsen, internisten, cardiologen of andere medische professionals die 

betrokken zijn bij de preventie en/of behandeling van hart- en vaatziekten overtuigen centrale 

bloeddrukmetingen uit te voeren in plaats van of naast ‘normale’ arm bloeddrukmetingen? Het 

epidemiologisch bewijs dat centrale bloeddruk een betere voorspeller is van cardiovasculaire 

morbiditeit en mortaliteit dan perifere of brachiale bloeddruk stapelt zich op. De toegevoegde 

waarde lijkt echter klein. Afgezien van het feit dat er nog steeds technische problemen zijn 

rond de juiste manier van kalibreren van centrale drukmetingen, zijn er tot nu toe geen kli-

nische eindpunten studies waarbij behandeling is gericht op centrale in plaats van perifere 

bloeddrukmetingen. Hoewel er effectieve behandelingsmogelijkheden beschikbaar zijn voor 

het verlagen van de bloeddruk en het verminderen van eindorgaanschade, waaronder lifestyle 
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veranderingen en farmacologische behandeling,9 lijkt een van de grootste problemen de lage 

mate van bewustwording en controle van hypertensie te zijn.10 Een populatiestudie in de VS 

toonde aan dat slechts 36,8% van de patiënten met hypertensie goed gecontroleerde bloed-

druk waardes heeft. In vergelijking met de VS zijn deze cijfers voor Europa nog slechter.11 De 

aandacht van artsen zou daarom gericht moeten zijn op de behandeling van hypertensie in het 

algemeen, in plaats van op het verfijnen van de behandeling met centrale bloeddrukmetingen. 

Toch zijn er klinische situaties waar er een toegevoegde waarde van de centrale bloeddruk lijkt 

te zijn. Er zijn mensen, voornamelijk jonge mannen, die systolische hypertensie lijken te hebben, 

wanneer de bloeddruk aan de arm wordt gemeten, maar die een normale centrale bloeddruk 

hebben. Dit wordt ‘spurious systolic hypertension’ of ‘pseudo systolic hypertension of the youth’ 

genoemd12-14 en is toe te schrijven aan extreme pulse pressure amplification en lage polsgolf-

reflectie, als gevolg van zeer elastisch arteriën.12 Door anderen is een alternatieve verklaring 

van dit fenomeen gesuggereerd: namelijk dat een verhoogd slagvolume en/of stijfheid van de 

aorta, die bij jonge systolische hypertensiepatiënten is waargenomen, kan bijdragen aan dit 

fenomeen.15,16 Omdat deze patiënten normale centrale bloeddrukken en echocardiogrammen 

hebben,12 hebben ze waarschijnlijk niet een verhoogd risico op hart-en vaatziekten, hoewel 

ook dit ter discussie staat. Het schatten van de centrale bloeddruk met behulp van applanatie 

tonometrie kan een uitstekende manier zijn om deze patiënten te identificeren, die mogelijk 

niet zullen profiteren van bloeddrukverlagende behandeling, maar lange termijn follow-up 

studies ter beoordeling van het risico van hypertensie en hart- en vaatziekten ontbreken. 

Bovendien is er enig bewijs dat middelen die een groter effect hebben op de centrale bloeddruk 

extra cardiovasculaire bescherming geven. De CAFE studie heeft bijvoorbeeld aangetoond dat, 

hoewel op beta-blocker/diuretica gebaseerde behandeling de perifere bloeddruk in dezelfde 

mate verlaagt als op CCB/ACE-remmer gebaseerde behandeling, de centrale bloeddruk signi-

ficant lager was in de laatste group.17 Ook werd gezien dat de cardiovasculaire morbiditeit en 

mortaliteit significant lager was met CCB/ACE-remmer behandeling, maar de link tussen de 

lagere centrale bloeddruk en de vermindering van hart- en vaataandoeningen is nooit formeel 

vastgesteld. Daarom is het van groot belang dat klinische trials bewijzen dat therapie gericht 

op de centrale bloeddruk een vermindering van de cardiovasculaire morbiditeit en mortaliteit 

geeft ten opzicht van behandeling gericht op de perifere bloeddruk, voordat we de centrale 

bloeddruk kunnen implementeren in de klinische praktijk. Misschien dat onlangs ontwikkelde 

apparaten die het 24-uurs ambulante centrale bloeddruk profiel kunnen beoordelen hier aan 

kunnen bijdragen.
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en Liffert wil ik bedanken voor het meedenken over alle studies en voor de gezelligheid tijdens 

de congressen.

Alle collega’s van het trialbureau, bedankt voor de gezelligheid, potten snoep en hulp met 

de studies. In het bijzonder wil ik Johan en Elsa bedanken, met wie ik vele ochtenden in een 

schemerige kamer metingen heb gedaan.

Studenten Krystien Lieve, Claudette Spaan, Hendrik Best en Niels van der Hoeven bedankt voor 

de hulp bij alle projecten.

Dat de Vasculaire een leuke afdeling was had ik al meegekregen als student, maar dat de 

promotietijd zo’n feest zou zijn! Ik wil alle collega’s van F4 bedanken voor de borrels, feestjes, 

tennisavonden en toernooien en skiweekenden: Traditioneel en geheel terecht begin ook ik 

met Joyce te bedanken, niet alleen omdat ik jarenlang alleen via jouw kamer een glimp van 

buiten op heb kunnen vangen, maar vooral ook omdat je altijd alles regelde! En dan mijn mede-

promovendi (een beetje met het F4 plattegrond in het achterhoofd) Olav, Danny, Hans A, Raaf 

(biertjes in NY), Dirk-Jan, Ward (het ziet er naar uit dat we elkaar weer vaker gaan zien), Geerte, 

Lily, Maartje, Diederik (snel weer onder het genot van een biertje onze ambities bespreken?), 

Ester, Roeland, Remco, Menno, Suthesh, Karim, Corien, Fatima, Marijn, Anne, Hans M, Nadine, 

Frederiek, Carlijne, Anouk, Sara, Brigitte, Aart, Ankie, Andrea, Elise, Josien, Danka, Daan, Fouad, 

en de overige collega’s: Debby, Andrea, Margreet, Pieter-Willem, Saskia, Mieke, Max, Houshang, 

Maud, Paul, Ronne, Sanne, Victor, Kees en Michiel wil ik allen erg danken voor de enorm gezel-

lige tijd die ik op F4 en ver daar buiten heb gehad. En natuurlijk ook mijn huidige jaargenoten 

van de opleiding: Roeland (ben blij dat jij het verzekerbaarheids-project heb opgepakt! ), Reneé 

en Bregje.
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In het bijzonder mijn buren Reneé, Meeike en Katrijn waar ik niet weg was te slaan. Meeike, altijd 

fit en vrolijk, zin in een borrel, sportief en nu ook nog eens een geweldige moeder (wanneer 

gaan we eindelijk weer eens boarden en bier drinken?). Katrijn, vaste tennis en danspartner, 

dank voor de gezellige snackmomentjes en je vriendschap.

En natuurlijk veel dank aan mijn kamergenoten van F4-142. Hoewel het soms wat druk 

was en één telefoon te weinig bleek, kon ik me geen betere plek op F4 (wat zeg ik het hele 

AMC) wensen: Sander, we zaten maar kort samen, maar ik heb vaak en hard met je gelachen; 

Lysette, jij gaf klasse en relaxheid aan onze kamer; Onno, ik waardeer je (soms onnavolgbare) 

humor enorm en ben benieuwd hoe ver jouw gedrevenheid en intelligentie je gaan brengen; 

Annemieke, dank voor je gezelligheid; Ties, jouw briljante gele schoenen zijn een waardige 

afspiegeling van je klasse en gevoel voor humor; en last but not least Nanne, na meer dan 

3.5 jaar aan mijn rechter zijde onderzoek doen onder begeleiding van dezelfde co-promotor 

zijn we nu weer samen in opleiding in ’t Gooi, briljant! Dank voor je gezelligheid en hulp bij 

alles, jouw collegialiteit kent geen grenzen (denk je ook een beetje aan jezelf?). Ik heb er alle 

vertrouwen in dat de goede sfeer op F4-142 door de huidige bewoners, Ties, Paulien, Inge en 

Josien gewaarborgd is.

Mijn (schoon)familie en vrienden wil ik bedanken voor alles wat niets met promoveren te 

maken heeft, maar juist het leven zo de moeite waard maakt.

Mijn paranimfen, Dennis en Pepijn, al jaren twee van mijn beste vrienden, ik ben blij en trots dat 

jullie op deze voor mij bijzondere dag naast me staan!

Lieve mama, samen met papa heb jij me altijd gesteund en ondersteund, veel dank daarvoor. 

Het is bewonderenswaardig hoe sterk en zorgzaam je bent. Je vond het denk ik moeilijk dat ik 

zo druk met mijn promotie bezig was, maar nu heb ik weer tijd! Lieve Lieke, Sander en Jip, ik 

geniet enorm van jullie gezinnetje en laat me graag snel weer verwennen met heerlijk Italiaans 

eten. Sander, heel erg bedankt voor het vormgeven van mijn boekje; meer nog dan het dank-

woord, is het uiterlijk van het proefschrift datgene wat iedereen ziet en bijblijft. Ik ben erg blij 

met het resultaat!

Lieve papa, helaas heb je nooit het eindresultaat van mijn promotie kunnen zien. Ik weet dat 

je trots zou zijn geweest en hoewel ik er eigenlijk niet in geloof, hoop ik stiekem toch dat je 

tevreden op me neer kijkt.

De laatste woorden zijn voor mijn lieve Anne. Ik kan niet onder woorden brengen hoe blij ik 

met je ben en dat doe ik dan ook te weinig. Dank voor je steun, geduld en bovenal liefde. Met 

jou ben ik gelukkig.




