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Factors influencing arterial stiffness in
pheochromocytoma and effect of adrenalectomy

Ondřej Petrák1, Branislav Štrauch1, Tomáš Zelinka1, Jan Rosa1, Robert Holaj1, Alice Vránková1,
Mojmı́r Kasalický2, Jan Kvasnička3, Karel Pacák4 and Jiřı́ Widimský Jr1

The aim of the study was to evaluate arterial stiffness and its modulating factors measured by carotid-femoral pulse wave

velocity (PWV) and central augmentation index (AI) in patients with pheochromocytoma (PHEO) before and after surgery.

Forty-five patients with PHEO and 45 healthy controls were investigated using an applanation tonometer (SphygmoCor, AtCor

Medical). The gender, age, BMI and lipid profiles were comparable among both groups. The main difference in basic

characteristic was as expected for fasting plasma glucose (Po0.001) and all blood pressure modalities. PWV in PHEO was

significantly higher than in controls (7.2±1.4 vs. 5.8±0.5ms�1; Po0.001). Between-group difference in PWV remained

significant even after the adjustment for age, heart rate, fasting plasma glucose and each of brachial (Po0.001) and 24h blood

pressure parameters (Po0.01). The difference in AI between groups did not reach the statistical significance (19±14 vs.

16±13%; NS). In multiple regression analysis, age (Po0.001), mean blood pressure (P¼0.002), high-sensitive C-reactive

protein (hs-CRP) (P¼0.007) and 24h urine norepinephrine (P¼0.007) were independently associated with PWV in PHEO.

In addition, 27 patients with PHEO were studied 1 year after tumor removal. Successful tumor removal led to a significant

decrease in PWV (7.0±1.2 vs. 6.0±1.1ms�1; Po0.001). In conclusion, patients with PHEO have an increase in PWV,

which is reversed by the successful tumor removal. Age, mean blood pressure, hs-CRP and norepinephrine levels are

independent predictors of PWV.
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INTRODUCTION

Accumulating evidence suggests that catecholamines can influence
vascular smooth muscle cell growth and remodeling of vascular
structure, independently of hemodynamics.1–3 The accelerated deposi-
tion of extracellular matrix proteins within the blood vessel wall
contributes to a progressive loss of vascular compliance, abnormalities
of pulse wave morphology, augmentation of pulse pressure and
increased cardiovascular stress, culminating in premature cardiovas-
cular morbidity and mortality.4–7

Carotid-femoral pulse wave velocity (PWV) is an index of arterial
stiffness and has been shown to be an independent predictor of
cardiovascular mortality in hypertensive patients5,6,8,9 and a marker
of cardiovascular risk in the general population.7,10,11 Arterial stiffness
has not only been affected mainly by age and blood pressure,12

but also by diabetes mellitus,13 chronic renal failure14 and chronic
subclinical inflammation.15

Only few data are available in human beings about the effect of
chronic catecholamine overproduction on the vasculature. Pheochro-
mocytoma (PHEO)/paraganglioma are catecholamine producing

tumors arising either from adrenal medulla or sympathetic nervous
system-associated chromaffin cells. Catecholamines produced by the
tumor are responsible for the large variety of symptoms and signs
because of their effect on hemodynamics and metabolism.16–18 Earlier
study performed on s.c. small resistance arteries in normotensive
patients and subjects with essential hypertension and PHEO showed
that a pronounced activation of adrenergic system is not associated
with s.c. vascular smooth muscle cell hypertrophy or hyperplasia.1

Furthermore, last studies found a strong carotid vascular remodeling
in PHEO19,20 and the reduction in carotid IMT and wall fibrosis after
surgery in these patients.21 This effect is probably directly exerted
independently of the hemodynamic discharge not only on vascular
wall, but also on other districts, that is cardiac tissue.22

Our study was aimed at evaluating the effect of PHEO on central
arterial (aortic) stiffness measured by PWVand augmentation index (AI)
in patients with PHEO/paraganglioma before and after tumor removal.
We also focused our study to investigate factors influencing stiffness of
large arteries, such as glucose levels, blood pressure variability and high-
sensitive C-reactive protein (hs-CRP) in patients with PHEO.
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METHODS

Subjects
Study was designed as prospective and the patients were enrolled conse-

cutively. We have studied 45 patients with PHEO (22 males) in the

period from October 2003 to May 2009. The diagnosis of PHEO was

based on elevated 24-h urine catecholamines/equally elevated norepinephrine

and epinephrine (n¼18), predominantly elevated norepinephrine (n¼19)

and predominantly elevated epinephrine (n¼8)/ and the demonstration

of tumor by CT or MRI. All patients underwent surgical removal of the

tumor and the diagnosis was confirmed histopathologically. Seventeen

patients had diabetes mellitus, which was defined by either the medication

with insulin/oral antidiabetic drugs or by repeated fasting plasma glucose

47.1mmol l–1.23

Patients discontinued antihypertensive medication (except non-dihydro-

pyridine calcium channel blockers and a1-adrenoceptor blockers) at least 2

weeks before the examination. In fact, 38 patients were treated (31 by

Doxazosin, 5 by Verapamil and 2 by combination of Doxazosin and Verapamil)

for 2 weeks before the investigation.

All patients were reexamined at least 1 year after the tumor removal and 16

subjects with persistent/essential/hypertension and two subjects with malignant

form were excluded from our study. Only 27 patients (11 with equally elevated

epinephrine and norepinephrine, 6 with predominantly elevated epinephrine,

and 10 with predominantly elevated norepinephrine) were found free of disease

recurrence including persistent arterial hypertension and were without con-

comitant antihypertensive medication.

Control group included 45 normotensive healthy volunteers (C) (25 males).

Informed consent was obtained from all subjects and the study was prepared

in accordance with the Helsinki Declaration and approved by the local Ethics

Committee.

Pulse wave analysis
All subjects were studied after an overnight fasting in a quiet room.

Subjects were always reexamined by the same investigator. After 15min

of rest in the supine position, the PWV and AI were measured using

the applanation tonometer SphygmoCor (AtCor Medical, West Ryde,

Australia). The pulse wave was acquired at the radial artery. Aortic pulse

wave was derived by means of generalized transfer function and calibrated

using a single simultaneous measurement of brachial artery blood pressure

using an oscillometric sphygmomanometer (Dinamap, Tampa, FL, USA). The

aortic (or central) AI was calculated as the ratio of the pressure difference (DP)
between the shoulder of the wave and the peak systolic pressure according to

the formula of AI¼DP/(systolic BP�diastolic BP).24 The AI values were

corrected for differences in heart rate from 75 beats per min using a

SphygmoCor built-in algorithm.24 A high level of repeatability and reprodu-

cibility of SphygmoCor pulse wave measurements has been established for

various patient groups.25

Aortic PWV was assessed by the time difference between pulse wave

upstrokes, which were consecutively recorded at the right carotid artery and

right femoral artery and aligned by ECG-based trigger. The ‘percentage pulse

height algorithm’ was used to locate the ‘foot’ of the pulse waves.

Biochemistry and catecholamine analysis
Blood samples for routine biochemical screening by an automatic analyzer

(Modular, Roche Diagnostic, Basel, Switzerland) were taken in the morning

after overnight fasting.

Urine catecholamines were analyzed by high performance liquid chromato-

graphy with fluorometric detector (HPLC/FLD 1100S, Agilent Technologies,

Santa Clara, CA, USA). The system was calibrated with a catecholamine

standard using the ClinRep test kit (Recipe Chemicals and Instruments GmbH,

Munich, Germany).

The hs-CRP was measured only in patients with PHEO and was analyzed by

means of an automatic nephelometer BN II (Dade Behring, Leiderbach,

Germany): normal values, 0.0–2.9mg l–1; low detection limit, 0.175mg l–1;

intraassay coefficient of variation, 2.3–4.4% and interassay coefficient of

variation, 2.5–5.7%.

Blood pressure measurement
Office artery blood pressure was measured according to ESH Guidelines by

oscillometric sphygmomanometer (Dinamap); 24-h ambulatory blood pressure

monitoring was performed using an oscillometric device Spacelabs 90207

(SpaceLabs Medical, Richmond, WA, USA), which was set to measure blood

pressure every 20min during the day (from 600 to 2200 hours) and every

30min during the night (from 2200 to 600 hours). Daytime BP variability was

assessed using the s.d. during the daytime period of BP in PHEO.

Statistical analysis
Statistical analysis was performed by Statistica for Windows ver.8.0 statistical

software (StatSoft, Inc., Tulsa, OK, USA). Data were described as means±s.d.

or medians (interquartile range) for non-normally distributed variables

(Shapiro–Wilks W test). Comparison between the groups was made using

Student’s t-test or the Mann–Whitney test (for data with non-normal distri-

bution). Analysis of paired values (data before and after operation) was

performed by means of paired t-test or the Wilcoxon rank-sum test (for data

with non-normal distribution). Pearson’s correlation analysis was performed to

characterize the relationship between individual variables. Non-normally dis-

tributed variables (fasting plasma glucose, catecholamine levels, hs-CRP) were

log-transformed (log10) before this analysis. Analysis of covariance was used to

adjust for the differences in clinical and biochemical characteristics. The

multivariate stepwise regression model was used to identify independent

determinants of PWV. Po0.05 was considered significant.

RESULTS

Baseline subject characteristics are summarized in Table 1. Gender
ratio, body mass index, age, lipid profile and renal function did not
differ significantly between the groups. Patients with PHEO had
significantly higher urine catecholamines in comparison with C
(epinephrine and norepinephrine: Po0.001), and as expected, sig-
nificantly higher fasting plasma glucose (Po0.001).
The differences in hemodynamic parameters and pulse wave indices

are summarized in Table 2. Patients with PHEO had significantly

Table 1 Baseline characteristics of patients with pheochromocytoma

and healthy controls

PHEO C P

Sex (female/male) 45 (23/22) 45 (20/25) NS

Age (years) 47±12 44±10 0.167

BMI (kg m�2) 25±5 25±4 0.929

Hypertension (n) 31 (69%) — —

Duration of hypertension (years) 4±6 — —

Paroxysmal symptoms (n) 18 (40%) — —

Asymptomatic subjects (n) 3 (7%) — —

Treated (n) 38 (84%) — —

Smoking status (n) 15 (33%) 11 (24%) 0.393

Diabetes mellitus (n) 17 (38%) — —

Duration of diabetes (years) 1±2 — —

Serum creatinine (mmol l–1) 74±16 77±14 0.393

Fasting plasma glucose (mmol l–1) 6.1±1.6 4.8±0.5 o0.001

Total cholesterol (mmol l–1) 5.3±1.4 5.2±1.0 0.682

HDL cholesterol (mmol l–1) 1.5±0.4 1.5±0.4 0.903

LDL cholesterol (mmol l–1) 3.2±1.1 3.2±0.8 0.902

Triglycerides (mmol l–1) 1.5±1.1 1.4±0.9 0.487

hs-CRP (mg l–1) 0.89 (0.32;1.4) NA —

24 h urine epinephrinea 143 (28;1374) 25 (13;35) o0.001

24 h urine norepinephrinea 1284 (493;3724) 120 (94;162) o0.001

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; hs-CRP, high-sensitive
C-reactive protein; LDL, low-density lipoprotein.
Values are shown as means±s.d. (normal distribution) or medians (interquartile range).
anmolg–1 of creatinine.
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higher all BP modalities except the mean 24h and day diastolic BP.
Systolic daytime blood pressure variability was significantly higher in
comparison with C (Po0.05). Significant difference between both
groups was also in office and 24h heart rate (Po0.05).
The PWV in patients with PHEO was significantly higher than in

C (Po0.001). The differences in PWV remained significant even after
the adjustment for age, heart rate, mean BP and fasting plasma glucose
(Table 2). The same model was used for each of the other brachial
and 24h blood pressure parameters and the differences in PWV still
remained significant (Po0.001 for brachial SBP, DBP, PP; P¼0.002 for
24h SBP and 24h DBP). Between-group difference in AI did not reach
the statistical significance (P¼0.32) (Table 2).
In the PHEO group, PWV values were positively related to age,

BMI, all blood pressure modalities, AI, heart rate, fasting plasma
glucose, hs-CRP, daytime systolic BP variability and urine norepi-
nephrine levels (Table 3 and Figure 1). Stepwise multiple regression
analysis showed that age (b¼0.428; Po0.001), mean blood pressure
(b¼0.426; P¼0.002), hs-CRP (b¼0.326; P¼0.007) and urine norepi-
nephrine (b¼0.443; P¼0.007) were the only variables independently
associated with PWV (R2¼0.63; Po0.0001) in patients with PHEO.
Urine norepinephrine was also positively associated with brachial

and central BP, mean 24h BP, daytime systolic BP variability and
PWV (Table 3; Figure 1). No similar correlation between urine
catecholamine levels and PWV were found in the control group
(log10 epinephrine R¼�0.07, P¼0.75; log10 norepinephrine R¼0.20,
P¼0.37).
As indicated in Table 4 surgical treatment in patients with PHEO

led to normalization of catecholamine levels, blood pressure para-
meters, hs-CRP and plasma glucose. Change in PWV (mean difference
1.1±0.9ms�1; Po0.001) after tumor removal is illustrated in Figure 2.

DISCUSSION

This study showed that patients with PHEO have increased aortic
stiffness as evidenced by an increased PWV in comparison with
healthy controls. Age, mean blood pressure, hs-CRP and urine
norepinephrine were independent predictors of PWV in patients
with PHEO. The study also showed that all abnormalities, including
aortic stiffness, are entirely reversed after successful tumor removal.
Blood pressure and age are main determinants of arterial stiffness.12

PHEO group presented with significantly higher blood pressure in

comparison with control group, which might be an explanation for
higher PWV in PHEO patients. The difference in PWV, however,
remained significant even after the adjustment for blood pressure data.
There are other multiple direct and indirect mechanisms that may

explain the increase of aortic stiffness in patients with PHEO.
Earlier in vitro studies have found that norepinephrine leads to

hypertrophy and proliferation of cultured smooth muscle cells3 and
also induces proliferation of adventitial fibroblasts.26 Norepinephrine-
induced hypertrophy of vascular smooth muscle cells is mediated by
a-adrenoceptors.26 a1-adrenoceptors of the smooth muscle cells
stimulate production of collagen and fibronectin expression.3 In vivo
studies using surgical or sympathetic denervation,27 systemic infusion
of catecholamines28 or a-adrenoceptor antagonists29 suggested that
norepinephrine may have a direct trophic effect on the normal and
injured vascular wall.30 Furthermore, positive correlation of plasma
catecholamines with wall hypertrophy31 and the severity of athero-
sclerosis32 were found in human beings.
We found that urine norepinephrine (but not epinephrine) excre-

tion was positively related to PWV and BP levels. This suggests that
norepinephrine may be an important determinant contributing to
increased arterial stiffness in patients with PHEO. Central sympathetic
outflow probably does not contribute to the alteration of arterial
stiffness in PHEO, as in an earlier study surgical removal of the tumor
resulted in an increase of central sympathetic drive.33

Other mechanism, which may also have a function in elevation of
arterial stiffness, is higher fasting plasma glucose in patients with
PHEO.34 Indeed, we observed positive correlation between PWV and
fasting plasma glucose in our study. There is evidence that hypergly-
cemia in patients with diabetes mellitus may contribute to the
proliferation of arterial smooth muscle cells and arterial stiffness,13,35

in particular by the accumulation of advanced glycation end products

Table 2 Central and peripheral hemodynamic parameters

in pheochromocytoma and healthy controls

PHEO C P

Heart rate (b.p.m.) 71±14 66±10 0.037

Brachial BP (mm Hg) 132±22/76±12 117±11/70±8 o0.001/0.016

Mean BP (mm Hg) 95±15 86±8 o0.001

Central BP (mm Hg) 117±18/77±13 104±10/71±8 o0.001/0.013

Mean 24h BP (mm Hg) 127±17/77±11 116±9/73±7 0.005/0.07

Day 24h BP (mm Hg) 129±16/80±11 120±9/77±7 0.009/0.16

Night 24 BP (mm Hg) 122±21/72±13 106±11/66±7 o0.001/0.02

Mean 24h HR (b.p.m.) 75±12 70±8 0.025

Daytime BP variability (mm Hg) 12±5/9±3 10±3/9±2 0.022/0.694

Augmentation index 75a 19±14 16±13 0.316

PWV (ms–1) 7.2±1.4 5.8±0.5 o0.001

PWVadj (ms–1)b 6.9±0.1 6.1±0.1 o0.001

Abbreviations: BP, blood pressure; PWV, pulse wave velocity.
Values are shown as means±s.d.
aAugmentation index for heart rate 75 beats per min.
bAdjusted for age, heart rate, brachial mean blood pressure and fasting plasma glucose.

Table 3 Univariate correlation analysis between PWV, log10 24h

urine norepinephrine and clinical/biochemical variables in subjects

with pheochromocytoma

PWV Log10 norepinephrine

R P R P

Age 0.30 0.048 �0.21 0.177

BMI 0.33 0.028 �0.12 0.427

Heart rate 0.48 o0.001 0.23 0.127

Brachial SBP 0.60 o0.001 0.46 0.002

Brachial DBP 0.52 o0.001 0.40 0.006

Mean BP 0.59 o0.001 0.47 0.001

Central SBP 0.57 o0.001 0.44 0.003

Central DBP 0.53 o0.001 0.41 0.005

AI 75 0.29 0.059 0.06 0.698

Mean 24h SBP 0.43 0.003 0.51 o0.001

Mean 24h DBP 0.32 0.030 0.41 0.005

Daytime SBP variability 0.31 0.040 0.55 o0.001

Daytime DBP variability 0.10 0.528 0.41 0.006

Log10 fasting plasma glucose 0.32 0.031 0.29 0.050

Log10 hs-CRP 0.38 0.017 �0.06 0.712

Total cholesterol 0.11 0.469 0.25 0.096

Triglycerides 0.07 0.669 0.09 0.522

Log10 24h urine Epinephrine �0.22 0.167 �0.19 0.140

Log10 24h urine Norepinephrine 0.42 0.004 — —

Abbreviations: AI, augmentation index; BMI, body mass index; DBP, diastolic blood pressure;
hs-CRP, high-sensitive C-reactive protein; MBP, mean blood pressure; P, level of significance;
PWV, pulse wave velocity; R, the Pearson’s correlation coefficient; SBP, systolic blood pressure.
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and protein cross-links in the arterial wall.36 Nevertheless, PWV in
PHEO remained higher compared with C even after the adjustment
for glucose level.
Higher BP variability may also be involved in the observed increase

in arterial stiffness in patients with PHEO. In our earlier study, we
found that excess of catecholamines in patients with PHEO is
associated with higher daytime BP variability when compared with
essential hypertensives, regardless of antihypertensive therapy.37 The

relationship between 24h systolic BP variability and PWV was found
in hypertensive patients.38 We have observed mild significant relation-
ship between PWV and daytime systolic BP variability. Thus, daytime
BP variability may be also involved in arterial stiffening in PHEO.
Finally, chronic inflammatory process may also contribute to

arterial stiffness.15 Elevated markers of inflammation have been
shown to correlate positively with arterial stiffness in essential hyper-
tension and chronic inflammatory diseases.39,40 In our recent study,
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Figure 1 Univariate correlation analysis between PWV and urine norepinephrine (upper left), urine epinephrine (upper right), hs-CRP (lower left) and daytime

BP variability (lower right).

Table 4 The effect of tumor removal in the subset of patients with pheochromocytoma compared with control subjects

Pheochromocytoma

Before surgery After surgery P (paired data) Controls

Sex (female/male) 27 (13/14) 27 (13/14) — 45 (20/25)

Age (years) 45±12 46±12 o0.001 44±10

Body mass index (kgm�2) 25±4 26±4 o0.001 25±4

Total cholesterol (mmol l–1) 5.4±0.9 4.7±1.1 0.003 5.2±1.0

Triglycerides (mmol l–1) 1.6±1.2 1.3±0.4 0.117 1.4±0.9

Fast.plasma glucose (mmol l–1) 6.0±1.7aaa 4.7±0.6 o0.001 4.8±0.5

hs-CRP (mg l–1) 0.50 (0.27;1.00) 0.19 (0.12;0.57) 0.040 NA

24h urine epinephrineb 593 (34;1766)aaa 14 (9;21) o0.001 25 (13;35)

24h urine norepinephrineb 1426 (588;3501)aaa 139 (113;199) o0.001 118 (94;162)

Heart rate (b.p.m.) 71±15a 65±9 0.017 66±10

Brachial BP (mm Hg) 134±18/77±11aaa/aa 117±13/71±8 o0.001/ 0.003 117±11/70±8

Central BP (mmHg) 119±17/78±12aaa/aa 106±12/72±9 o0.001/ 0.003 104±10/71±8

Mean 24 h BP (mm Hg) 127±16/78±12a/� 115±7/73±6 o0.001/0.04 116±9/73±7

Daytime BP variation (mmHg) 12±4/10±2a/� 10±3/9±2 0.036/0.07 10±3/9±2

AI 75 (%)c 19±13 18±13 0.560 14±13

Pulse wave velocity (ms�1) 7.0±1.2aaa 6.0±1.1 o 0.001 5.8±0.5

PWVadj (ms�1)d 6.7±0.2aa 6.0±0.1 o0.01 6.0±0.1

Abbreviations: AI, augmentation index; BP, blood pressure; hs-CRP, high-sensitive C-reactive protein.
Values are means±s.d. or medians (interquartile range).
aPo0.05, aaPo0.01, aaaPo0.001 baseline PHEO vs. C.
bnmol g–1 creatinine.
cAugmentation index for heart rate 75 beats per min.
dAdjusted for age, heart rate, brachial mean blood pressure and fasting plasma glucose.
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we have shown that chronic catecholamine excess in patients with
PHEO is accompanied by an increase in inflammatory markers, which
was reversed by the tumor removal.41 In this study, we have found
significant association between hs-CRP and PWV.
Our study is limited by relatively small sample size of patients

because of rare occurrence of PHEO. To clarify the differences between
patients with predominantly norepinephrine- and epinephrine-secret-
ing PHEO, larger studies are needed. Another confounding factor
could be the treatment with a1-adrenoceptor blockers and/or ver-
apamil in some patients because of high suspicion to PHEO based on
earlier results in these patients. This short-term pretreatment with a1-
adrenoceptor blockers and/or verapamil was initiated to decrease the
risk of potential cardiovascular complications. On the other hand,
catecholamines, as well as other hormonal levels, are minimally
affected by this therapy.42 Vasodilator effect of these drugs may explain
why no significant between-group differences in the AI were found.
The AI is a composite measure that depends on PWV, the site of
reflection and the amplitude of reflected wave. The normal AI in the
setting of elevated PWV may, therefore, indicate reduced wave
reflection, possibly because of reduced impedance mismatch at the
reflection site because of peripheral vasodilatation. Vasoactive drugs
have direct and more impact on AI than on PWV, as the aorta
contains much less smooth muscle cells. Therefore, vasoactive drugs
may change the AI independently from PWV.43 Furthermore, AI
assessment is more operator dependent and less robust than PWV
measurement. Although linear relationship between PWV and AI was
repeatedly found,44 some investigators reported a weaker correlation
and considered PWV to be a more precise marker of central vessels
stiffness.45 Nevertheless, the tendency to higher AI levels in PHEO
patients compared with controls was evident.
In conclusion, our study shows that patients with PHEO have

higher carotid-femoral PWV as index of aortic stiffness, which is
completely reversed by the successful tumor removal; not only age,
mean blood pressure, but also hs-CRP and norepinephrine levels are
independent predictors of PWV in patients with PHEO. Higher aortic
stiffness may contribute to an increased cardiovascular risk in PHEO
patients.
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