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Background:We evaluated the effect of atenolol vs metoprolol succinate on vascular function in patients with
essential hypertension.
Hypothesis: Given intrinsic differences between these agents, we hypothesized that atenolol and metoprolol
succinate would have disparate effects on vascular function.
Methods: This study included 24 patients with hypertension (age 56 ± 2 years, 8 female, body mass index
28 ± 1) and featured a randomized, double-blind, crossover design. Each β-blocker (atenolol or metoprolol
succinate) was taken by patients once daily for a 4-week period. Measures of vascular function included
peripheral augmentation index (AIx) and pulse wave amplitude reactive hyperemia index from peripheral
arterial tonometry, and brachial artery flow-mediated dilation from ultrasound.
Results: There were similar reductions in mean arterial pressure following treatment with atenolol and
metoprolol succinate. Compared with metoprolol succinate, there was a significant increase in peripheral AIx
following atenolol therapy (P < 0.05). There were no changes in brachial artery flow-mediated dilation or
pulse wave amplitude reactive hyperemia index following either drug treatment.
Conclusions: Although atenolol and metoprolol succinate have similar effects on blood-pressure reduction,
they have different effects on vascular function. Compared with metoprolol succinate, atenolol increases
peripheral AIx. Neither drug has an effect on vascular endothelial function. These findings may have clinical
implications, depending on the indication for treatment in an individual patient.

Introduction
Hypertension is a risk factor for future cardiovascular
(CV) morbidity and mortality, and antihypertensive ther-
apy remains a cornerstone for reducing CV risk associated
with hypertension.1 Recent clinical trials suggest that the
beneficial effect of these agents on CV risk extends beyond
their ability to reduce blood pressure (BP) and may reside
in their ancillary abilities to improve vascular function.2

Atenolol and metoprolol (available as an immediate-
release tartrate salt and a slow-release succinate) are
among the most widely used β1-selective agents for BP
reduction. Although they are in the same antihypertensive
class, there are important pharmacokinetic and phar-
macodynamic differences between these agents.3–5 For
example, metoprolol is lipophilic, which may affect tissue
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penetration, including penetration into the vasculature.6

As such, it has been shown that these drugs have
disparate effects on important correlates of vascular
function including inflammation,7–9 oxidative stress,10,11

and autonomic function.12,13 Whether these differences
translate into agent-specific differences in vascular function
or whether there is a uniform class effect remains unclear.

The purpose of this study was to compare the effect
of atenolol vs metoprolol succinate on vascular function
in patients with hypertension. Several vascular measures
were employed to provide a comprehensive appraisal of vas-
cular responsiveness to β-blocker therapy; these included
digital augmentation index (AIx; a measure of ventricular-
vascular coupling),14 index of digital pulse wave ampli-
tude during reactive hyperemia (PWA-RHI; a measure of
resistance vessel endothelial function),15,16 and brachial
artery flow-mediated dilation (FMD; a measure of con-
duit vessel endothelial function).15 Given intrinsic phar-
macokinetic and pharmacodynamic differences between
these agents, we hypothesized that atenolol and meto-
prolol succinate would have disparate effects on vascular
function.

Received: July 21, 2010
Accepted with revision: August 17, 2010

Clin. Cardiol. 34, 1, 39–44 (2011) 39
Published online in Wiley Online Library (wileyonlinelibrary.com)

DOI:10.1002/clc.20841  2011 Wiley Periodicals, Inc.



Methods
Men and women with documented essential hypertension
(defined as systolic BP ≥ 140 mm Hg or diastolic BP
≥ 90 mm Hg, or as the use of antihypertensive medication)
participated in this investigation. Clinically stable patients
with previously diagnosed hypertension who were age
>21 years and had stage 1 or stage 2 hypertension
controlled with ≤ 2 drugs were invited to participate
in this study. Exclusion criteria included patients with
low-density lipoprotein cholesterol >100 mg/dL, severe
valvular heart disease, recent myocardial infarction or
stroke (within 3 months) or unstable cardiac symptoms,
congestive heart failure or left ventricular ejection fraction
<40%, renal insufficiency (serum creatinine >2 mg/dL),
active liver disease, Raynaud’s disease, chronic obstructive
pulmonary disease, bronchial asthma, and uncontrolled
hypertension defined as baseline BP >190/100 mm Hg
during screening or washout. Coronary artery disease
(CAD) was defined as the presence of ischemia or infarction
on single-photon emission computed tomographic nuclear
myocardial perfusion imaging or >50% stenosis of an
epicardial coronary artery by angiography.

Patients were evaluated at a screening visit, and those
who met all inclusion/exclusion criteria were enrolled.
Patients already taking a β-blocker underwent a 2-week
washout period during which the medication was halted.
This time period also served as a monitoring period
for all patients to ensure that consecutive BP readings
did not exceed 190/100 mm Hg. Patients were then
randomized in a double-blind, crossover fashion to two
4-week active treatment periods with either metoprolol
succinate or atenolol (Figure 1). Following the 2-week
monitoring/washout period, patients were given 50 mg
per day of either metoprolol succinate or atenolol. These
dosages were selected as they are both commonly
prescribed initial clinical doses. Patients were instructed
to take the medication at the same time every morning.
There was a 2-week washout period between the 2 active
treatment periods. At baseline (prior to initiation of the

Figure 1. Study design. AIx, PWA-RHI, and FMD were measured before
Week 1 (after a 2-week washout), after Week 4, and after Week 10.
Abbreviations: AIx, digital augmentation index; FMD, flow-mediated
dilation; PWA-RHI, pulse wave amplitude reactive hyperemia index.

first drug randomization) and at the end of each active
treatment period (Week 4 and Week 10; Figure 1), subjects
underwent noninvasive assessment of vascular function.
Other vasoactive medications were not withheld during
the study period. Blood pressure and heart rate were
assessed at the aforementioned time points, as well as prior
to the initiation of the second drug therapy intervention (ie,
prior to Week 7; Figure 1) to establish that BP and heart
rate had returned to baseline values.

Subjects were instructed to fast overnight and refrain
from caffeine or alcohol intake and smoking on the day of
testing. All vascular measures were made with the subject
in the supine position in a dimly lit, temperature-controlled
room following a 10-minute acclimatization period. All
subjects gave written informed consent, and this study was
approved by the institutional review board at Tufts Medical
Center.

Blood Pressure

Blood pressure was assessed by a trained nurse
(P. Mooney) using auscultation and sphygmomanometry
following standard guidelines. Measurements were made
with patients in a seated position following 5 to 10 minutes
of quiet rest.

Finger Pulse Wave Amplitude

Beat-by-beat PWA was captured using peripheral arterial
tonometry (PAT) with the EndoPAT 2000 (Itamar Medical
Ltd., Israel) as previously described in detail.15 The PWA-
RHI was calculated as the ratio of the average PWA over
a 1-minute epoch starting after 5 minutes of ischemia
induced by brachial cuff inflation to a suprasystolic BP,
divided by the average PWA of a 3.5-minute baseline epoch.
The PWA obtained from the finger of the nonoccluded arm
was also measured continuously and served as a control
signal. Final values were normalized to the contralateral
hand to account for any drift in the magnitude of the
signal due to systemic factors. Peripheral AIx was calculated
from PWA waveforms obtained during the baseline epoch
and expressed as a percentage according to the EndoPAT
integral software as (P2 − P1/P1 × 100).

Brachial Artery Endothelial-Dependent Vasodilation

Endothelial-dependent vasodilation of the brachial artery
was assessed using high-resolution ultrasonography as
previously described.17 Briefly, the brachial artery was
longitudinally imaged 2 cm above the antecubital fossa
using a 10-MHz linear array vascular ultrasound trans-
ducer. Diameters were measured during end-diastole
(gated with electrocardiographic R-waves) using ultrasonic
calipers. The average of 5 evenly spaced measures
(distance between the anterior and posterior intima-blood
interfaces) obtained within a 5-cm segment of the vessel
was used for subsequent analysis. Following baseline
diameter measurement, reactive hyperemia was induced by
an ischemic stimulus (rapid inflation of a blood pressure
cuff around the upper arm to a suprasystolic pressure
for 5 minutes). Immediately post cuff release, reactive
hyperemia was confirmed by qualitatively assessing blood
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velocity for 10 seconds using spectral Doppler. Sixty seconds
following release of the occlusion cuff, brachial diameter was
once again measured as aforementioned. Responses were
calculated as percentage change in brachial artery diameter
from baseline (FMD).

Statistical Analysis

An analysis of variance with repeated measures was
used to assess variables over 3 time points (baseline,
post–metoprolol succinate, post-atenolol). When a signif-
icant main effect was detected at a significance level of
P < 0.05, t tests were used for post hoc comparisons.
Adjustment for multiple comparisons was made with the
Bonferroni adjustment. All results are presented as mean ±
standard error of the mean (SEM). Data analyses were car-
ried out using SPSS version 12.0.1 (SPSS Inc., Chicago, IL).

Results
Twenty-four men and women participated in this study.
Patients had an average age of 56 ± 2 years and body
mass index of 28 ± 1 kg/m2. Eight of the study participants
were female. Additional patient characteristics are presen-
ted in Table 1. There were no significant differences in
office systolic BP (SBP) measured before initiation of each
intervention (Pre1 139.7 ± 2.1 vs Pre2 138.9 ± 2.4 mm Hg,
P > 0.05; intraclass correlation coefficient 0.72, P < 0.05).
There were no significant differences in office diastolic
BP (DBP) measured before initiation of each intervention
(Pre1 80.7 ± 1.8 vs Pre2 78.7 ± 2.1 mm Hg, P > 0.05;
intraclass correlation coefficient 0.77, P < 0.05). There
were no significant differences in office heart rate (HR)
measured before initiation of each intervention (Pre1

Table 1. Patient Characteristics

Variable N= 24

CAD (%) 46

Family history of CVD (%) 33

Smoking (%) 33

Total cholesterol (mg/dL) 164 ± 8

HDL-C (mg/dL) 46 ± 3

LDL-C (mg/dL) 90 ± 7

TG (mg/dL) 124 ± 21

Medications (%)

β-Blocker 58

ACEI 42

ASA 75

Statin 71

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ASA,
aspirin; CAD, coronary artery disease; CVD, cardiovascular disease;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol; TG, triglycerides.
Values are mean±SEM unless otherwise indicated.

Table 2. Hemodynamic Variables at Baseline and Following Drug Therapy

Variable Baseline Post-Therapy

SBP (mm Hg)

Atenolol 141 ± 2 128 ± 2a

Metoprolol succinate 138 ± 2 129 ± 2a

DBP (mm Hg)

Atenolol 79 ± 2 76 ± 4

Metoprolol succinate 80 ± 2 74 ± 2a

MAP (mm Hg)

Atenolol 100 ± 2 93 ± 2a

Metoprolol succinate 99 ± 2 92 ± 2a

HR (bpm)

Atenolol 73 ± 2 60 ± 2a

Metoprolol succinate 77 ± 3 63 ± 3a

Abbreviations: DBP, diastolic bloodpressure; HR, heart rate;MAP,mean
arterial pressure; SBP, systolic blood pressure.
Values are mean±SEM.
aSignificantly different from baseline (P < 0.05).

Table 3. Vascular Function Following Drug Therapy

Variable Baseline Atenolol
Metoprolol
Succinate

AIx (%) 24.0 ± 4.8 33.2 ± 4.1a 19.5 ± 3.0b

Brachial FMD (%) 8.4 ± 1.1 9.1 ± 1.4 10.3 ± 1.4

PWA-RHI 1.90 ± 0.2 1.80 ± 0.2 1.60 ± 0.2

Abbreviations: AIx, augmentation index; FMD, flow mediated dilation;
PWA-RHI, pulse wave amplitude reactive hyperemia index.
Values are mean±SEM.
aSignificantly different from baseline (P < 0.05).
bSignificantly different from atenolol (P < 0.05).

74.3 ± 2.5 vs Pre2 76.1 ± 1.3 beats per minute, P > 0.05;
intraclass correlation coefficient 0.58, P < 0.05).

Changes in hemodynamics are presented in Table 2.
There were similar reductions in SBP, DBP, mean arterial
pressure, and HR following both atenolol and metoprolol
succinate therapy (P < 0.05). Changes in vascular func-
tion are presented in Table 3. There was a significant
increase in AIx following atenolol treatment (Figure 2;
P < 0.05), whereas there was no significant change fol-
lowing metoprolol succinate treatment. Co-varying for
HR abolished the change in AIx with atenolol treatment
(P > 0.05). Co-varying for HR had no effect on the lack
of change in AIx with metoprolol treatment (P > 0.05).
There was no change in brachial FMD or digital PWA-
RHI following either treatment (Table 2). Current drug
therapy (angiotensin-converting enzyme inhibitors, aspirin,
or statins) had no effect on the hemodynamic or vascu-
lar response to β-blocker therapy (P > 0.05). Presence or
absence of CAD also had no effect on the hemodynamic or
vascular response to therapy (P > 0.05).
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(A)

(B)

(C)

Figure 2. Absolute change in (A) AIx, (B) brachial artery FMD, and
(C) PWA-RHI following atenolol (�) vs metoprolol succinate (�).
Abbreviations: AIx, augmentation index; FMD, flow-mediated dilation; NS,
not significant; PWA-RHI, pulse wave amplitude reactive hyperemia index.

Discussion
The novel finding of the present study was that atenolol
produced HR-mediated increases in peripheral AIx and
metoprolol succinate did not. Thus, although having a
similar effect on reductions in mean distension pressure,
atenolol and metoprolol have diverging effects on peripheral
vascular function.

Peripheral Augmentation Index

Following atenolol therapy, we noted an increase in AIx,
measured from a digital volume pulse by PAT. This is similar
to other studies that have noted increases in AIx measured
from central and peripheral pressure waveforms.18–22

Increases in AIx were likely due to reductions in HR,
as adjusting for HR abolished the significant change in
AIx following atenolol treatment. With a reduction in HR,
systolic ejection duration is increased. This alters pressure
wave temporal associations, allowing greater time for the
reflected pressure wave to arrive during systole than during

diastolic decay, increasing AIx.23,24 As such, there is an
inverse association between HR and AIx. A change in HR
of approximately 10 beats produces a change in AIx of
approximately 4%–6%.23,24 Increased arterial stiffness, as
occurs with hypertension, may exacerbate the influence of
HR on AIx. Recently, Papaioannou et al showed that the
correlation of AIx with HR is higher in subjects with higher
levels of aortic stiffness.25 That is, the same reduction in
HR induces a greater increase in AIx in persons with stiffer
vessels compared with those with more compliant vessels.25

Thus, in the present study, the approximately 13-beat
reduction of HR with atenolol in patients with hypertension
resulted in an increase in AIx of approximately 9%.

Metoprolol succinate also lowered HR; yet there was
a slight decrease in AIx following therapy, and adjusting
for HR had no effect on the change in AIx with therapy.
Thus, similar to what has been reported with vasodilating
β-blockers such as nebivolol,19,20 metoprolol succinate may
have pleiotropic properties that improve wave-reflection
dynamics, offsetting the increase in AIx that normally
occurs with a reduction in HR. Metoprolol has been shown
to cause direct arteriolar smooth-muscle relaxation, with
atenolol having no effect.26–28 This may reduce peripheral
reflection coefficients (ie, alter impedance matching) and
reduce discrete wave-reflection magnitude.29

Conduit and Resistance Vessel Endothelial Function

Endothelial dysfunction, as evaluated by FMD of the
brachial artery, identifies hypertensive patients at in-
creased risk of nonfatal and fatal CV events.30 Improving
FMD with select antihypertensive therapy translates to
improvement in prognosis.31 Moreover, inability to improve
FMD with standard therapy has an adverse impact on
clinical outcomes.32 In accordance with previous findings,
we noted that neither atenolol nor metoprolol succinate
altered vascular endothelial function of conduit or resistance
vessels.11,33–35 Thus, atenolol and metoprolol succinate
may not be viable therapeutic options to improve vascular
endothelial function in patients with hypertension.

Clinical Implications

It has been suggested that antihypertensive agents that
reduce pressure from wave reflections will have the most
advantageous effect on clinical outcomes.2 Recent findings
from the Conduit Artery Function Evaluation (CAFÉ)
study have concluded that HR reduction with β-blocker
therapy contributes to less-effective reductions in pressure
from wave reflections and thus central BP,36 and this
may contribute to less-effective CV risk reduction. To
date, no study had examined the effect of metoprolol
succinate on AIx. Our findings suggest that although
metoprolol succinate reduces HR, it does not have a
concomitant deleterious effect on AIx. Future research is
needed to examine the clinical significance of this finding.
Moreover, studies note that metoprolol succinate reverses
left ventricular (LV) remodeling and reduces LV mass,37

and this is superior to modulation seen with atenolol.38–40

Our findings suggest that the favorable effect of metop-
rolol succinate on LV morphology may be related to its
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ability to abrogate potentially detrimental changes in wave
reflections concomitant with reductions in HR.

Study Limitations
We did not obtain vascular measures following the 2-
week washout period, prior to initiation of the second
drug intervention. Therefore, it is possible that vascular
adaptations following the first drug intervention did not
return to baseline. Given the half-life of these agents, and
the documentation that HR and BP returned to baseline
following the washout period in the present study, it is
unlikely that there were residual vascular effects prior
to initiation of the second drug intervention. Moreover,
the crossover nature of the study design ensures that
any possible residual vascular effect would affect outcome
equitably and not skew results in favor or disfavor of any
one drug. The sample size was small, preventing adequate
subgroup analyses. The lack of change in endothelial
function may be related to the relatively short duration
of the study intervention. However, as aforementioned,
our findings are consistent with numerous reports in the
literature noting an inability of these agents to modulate
peripheral conduit artery and resistance artery endothelial
function. While the validity of AIx measured from PAT in
adults is still being established, PAT-AIx has been shown
to correlate with AIx derived from tonometric pressure
waves in children41 and pregnant women.42 Moreover, our
finding of an increased AIx following atenolol therapy is
consistent with numerous studies noting similar increases
in AIx derived from pressure waves.18–22 This would suggest
that change in AIx detected following antihypertensive
therapy with PAT accurately reflects change in AIx
previously established with other reputed techniques.
Finally, we do not have data pertaining to clinical endpoints.
Whether the disparate effect of atenolol and metoprolol
succinate on the vasculature translates into disparate effects
on central BP and clinical outcome will require further
investigation.

Conclusion
Although having similar effects on mean arterial pres-
sure reduction, atenolol and metoprolol succinate have
diverging effects on vascular function. This may have clinical
implications, depending on the indication for treatment in
an individual patient.
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