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Abstract Hypertension is a common clinical problem and a
major risk factor for cardiovascular disease and stroke. Elevated
heart rate is associated with elevated blood pressure, increased
risk for hypertension, and, among hypertensives, increased risk
for cardiovascular disease. Despite these important relation-
ships, heart rate is generally not a major consideration in
choosing antihypertensive medications. In part, this is due to a
lack of evidence supporting heart rate lowering as a therapeutic
strategy in hypertension. Additionally, while there is a positive
correlation between heart rate and peripheral blood pressure,
there is an inverse relationship between heart rate and central
blood pressure. The use of antihypertensive medications, spe-
cifically medications that affect heart rate, may not reliably
reduce central blood pressure to a similar extent as observed
peripherally. We review the relationship between heart rate and
peripheral and central blood pressure, with a focus on the
implications for chronotropic therapy in hypertension.
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Introduction
Hypertension is a major public health problem and a known

independent risk factor to cardiovascular disease. In the United
States, recent data from the National Health and Nutrition
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Examination Survey (NHANES) report a prevalence of
30.5 % among men and 28.5 % among women [1]. For the
calendar year of 2010, cost estimates attributed to hypertension
have surpassed 90 billion dollars [2]. There is a continuous
relationship between increasing blood pressure and cardiovas-
cular disease, stroke, and end stage kidney disease (ESKD) [3,
4]. Management of hypertension is a significant focus of both
primary care providers and hypertension specialists.

Numerous therapeutic options exist for the treatment of
hypertension. Clinical situations for which certain classes of
antihypertensive medications are specifically recommended
include diabetes, proteinuric kidney diseases, and comorbid
conditions, such as coronary artery disease (CAD) and con-
gestive heart failure (CHF) [5]. Among patients with diabe-
tes and nephropathy, treatment with angiotensin receptor
blockers (ARBs) is recommended to reduce progression of
kidney dysfunction and decrease rates of ESKD [6, 7].
Similarly, treating patients with heart failure with beta-
blockers reduces all-cause mortality [8]. Absolute blood
pressure is also a consideration in the treatment of hyper-
tension; initiation of treatment with two drugs is recommen-
ded for patients with significantly elevated blood pressure
[5]. Interestingly, the guidelines do not consider heart rate in
choice of antihypertensive medications, despite the link
between heart rate and development of hypertension and
adverse cardiovascular outcomes. Herein, we review the
link between heart rate and peripheral and central blood
pressure, and the effect of chronotropic medications on
blood pressures and adverse clinical outcomes.

Heart Rate, Blood Pressure, and Hypertension—Location,
Location, Location

One rationale for consideration of heart rate in choosing
antihypertensive medications comes from the observation
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that increased heart rate is a common feature in hypertensive
patients and elevated heart rate is associated with develop-
ment of hypertension [9¢]. In the HARVEST study, 15 % of
hypertensive patients had a resting heart rate >85 beats per
minute, and approximately 27 % had a heart rate >80 beats
per minute [9+¢]. Additionally, sustained elevations in heart
rate over the course of the study were a strong predictor of
developing hypertension necessitating pharmacologic ther-
apy [10]. In a large general population cohort in France,
heart rate was associated with blood pressure; hypertensive
subjects had higher heart rates than normotensive subjects,
with the greatest increase seen in those with moderate-
severe hypertension [11]. In addition to elevated blood
pressure, heart rate is also associated with other cardiovas-
cular risk factors. Results from the Atherosclerosis Risk in
Communities (ARIC) study demonstrate that a higher heart
rate and lower heart rate variability were associated with an
increased risk of incident diabetes, even when controlled for
body mass index and physical activity [12]. Among patients
at high cardiovascular risk in the VALUE trial, elevated
baseline and in-trial heart rates were associated with in-
creased risk for cardiovascular events and all-cause mortal-
ity, independent of achieved blood pressure [13¢]. Finally,
patients defined as “prehypertensive” with a heart rate >80
beats per minute were found to have a 50 % increase in all-
cause mortality [14]. In summary, elevated heart rate is
associated with elevated blood pressure, increased risk for
development of hypertension (and diabetes), and all-cause
mortality.

However, the relationship between heart rate and
blood pressure is more complicated when both central
and peripheral blood pressures are considered. The
studies mentioned above measured blood pressure pe-
ripherally. Recent investigations have revealed the im-
portance of central blood pressures and the conduction
properties of the vasculature in relation to adverse out-
comes. Typical office blood pressure measurement is
obtained peripherally, usually from the brachial artery.
Unfortunately, this measurement does not account for
marked variability in vascular compliance, leading to
differences of up to 20 mmHg between central and
peripheral pressure measurements [15]. These marked
differences have led to increased interest in detection
of the central blood pressure profile as an important
clinical marker for increased cardiovascular risk.

Assessment of the central pressure and pulse wave ve-
locities (PWV) may provide insight into the vascular net-
work and aortic stiffness. Measure of the carotid-femoral
PWV is a validated, noninvasive technique that is accepted
as the most simple, robust and reproducible method to
determine arterial stiffness [16]. Risk factors for increased
aortic PWV include increasing age, presence of diabetes,
male gender, African American ethnicity, and hypertension

[17+¢]. Additionally, in a cohort of subjects with chronic
kidney disease (CKD), estimated glomerular filtration rate
(GFR) was inversely related to PWV [17¢¢]. PWV is an
independent predictor of all-cause and cardiovascular mor-
tality in the general population and CKD progression in
patients with stage 4 and stage 5 CKD [18, 19]. On one
hand, increased PWV may simply be a marker of car-
diovascular and renal risk; however, increased PWV
may contribute to increased risk by increasing central blood
pressures.

The methods for measuring and the physiology of central
blood pressure have recently been reviewed [20, 21]. Cen-
tral blood pressure is typically calculated using a transfer
function based on applanation tonometry measurements at
the radial artery [16]. The central arterial pressure is a
summation of forward pressure waves from ventricular con-
traction and backward reflection from the periphery [21].
The increase in central systolic pressure due to the reflected
wave, the augmentation pressure, is often referred to as the
augmentation index (augmentation pressure/central pulse
pressure) [16]. As central arteries stiffen, PWV increases
and reflected waves return earlier to the central aorta and
“augment” the forward waves to increase central pressures
[22, 23]. Not all studies have demonstrated a consistent
relationship between PWV and augmentation index [24].
As with PWYV, central blood pressures are independent pre-
dictors of cardiovascular outcomes and all-cause mortality
[25]. In fact, central pulse pressure may be a more signifi-
cant risk factor for clinical events than brachial pulse pres-
sure [25]. In the Strong Heart Study, central pulse pressure
was more strongly associated with cardiovascular outcomes
than peripheral pulse pressure, which was not a significant
predictor of events after adjustment for central pulse
pressure [26].

The relationship between heart rate and blood pressure is
location-dependent. As discussed above, there is a direct
relationship between heart rate and peripheral blood pres-
sure. However, a number of studies have demonstrated an
inverse relationship between heart rate and central blood
pressures. Among the offspring of patients with familial
hypertension, heart rate was inversely related to the aug-
mentation index [27]. Investigators have also evaluated the
effect of increasing heart rate via pacing or pharmacologi-
cally. Wilkinson et al. demonstrated that increasing heart
rate by pacing decreases augmentation index and central
systolic blood pressure [28, 29]. Similarly, increasing heart
rate via isoprenaline infusion was associated with a decrease
in augmentation index [30]. The relationship between heart
rate and augmentation index may be stronger in subjects
with increased PWV [23]. In summary, while elevated heart
rate is associated with increasing peripheral blood pressure,
there appears to be an inverse relationship between heart
rate, central blood pressure, and augmentation index. These
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varying relationships may have important therapeutic impli-
cations when considering antihypertensive medications that
affect heart rate.

Effect of Beta-Blockade on Heart Rate and Blood
Pressure

Currently, beta-blockers are recommended as a major ther-
apeutic option in hypertensive patients in the setting of
comorbidities, such as coronary artery disease and heart
failure [5]. These therapies target a lower heart rate and
decreased myocardial oxygen demand, in addition to low-
ering blood pressure. However, as might be expected from
the previous discussion, studies consistently indicate that
while traditional beta-blockers may reduce peripheral blood
pressure, they are less effective at lowering central blood
pressure. Compared to fosinopril, atenolol was equally effi-
cacious at lowering peripheral blood pressure but not as
effective at lowering augmentation index [31]. In a cross-
over study of 32 patients, atenolol was less effective at
lowering aortic systolic blood pressure and augmentation
pressure than angiotensin converting enzyme inhibitors
(ACEi), calcium channel blockers, and diuretics [32]. A
study of 393 patients with essential hypertension uncon-
trolled with 5 mg amlodipine compared the combination of
amlodipine-valsartan to amlodipine-atenolol. After
24 weeks, central systolic blood pressure was lower in the
amlodipine-valsartan group (P=0.013) as was augmentation
index (P<0.001). There was no difference in brachial blood
pressure or PWV [33e¢]. These studies indicate that while
traditional beta-blockers lower heart rate and peripheral
blood pressure, they are less effective at lowering central
blood pressure. The lack of effectiveness at lowering central

blood pressure may be exacerbated in patients with elevated
PWYV [23]. This interaction may explain the increased risk
for stroke associated with beta-blockers in the elderly, a
group with elevated PWYV, and the opposite effect in youn-
ger subjects with normal PWV (Fig. 1) [34]. Recent studies
indicate that newer beta-blockers with vasodilating proper-
ties might lower heart rate and both peripheral and central
blood pressure, as well as augmentation index.

Shah et al. demonstrated that carvedilol, a vasodilating
beta-blocker, reduced augmentation index to a greater extent
than beta-selective therapy with atenolol, which was actual-
ly associated with an increase in augmentation index (car-
vedilol —0.68 % vs. atenolol 4.47 %; P=0.04) [35¢].
Brachial blood pressure reductions were not significantly
different between the two groups [35¢]. Similar results were
seen in a study that compared the use of nebivolol, a vaso-
dilating beta-blocker, with metoprolol in 80 patients with
hypertension [36¢¢]. Results after one year demonstrated no
difference in brachial blood pressure reduction but a greater
decrease in central systolic blood pressure (P=0.07) and
central pulse pressure (P=0.004) in subjects treated with
nebivolol [36¢¢]. A reduction in left ventricular mass was
observed in the nebivolol arm although no comparison was
made with the metoprolol arm; there was no difference in
the augmentation index between the two arms of the study
[36°¢]. Another study demonstrated reductions in the aug-
mentation pressure and augmentation index with nebivolol
versus atenolol [37]. In that study, change in heart rate was
inversely related to augmentation pressure (r=—0.56, P<
0.001) and augmentation index. The mechanism for
decreased central BP and augmentation index with vaso-
dilating beta-blockers is unknown, but may be related to
reduced pulse wave reflection via their effects on small
arteries.

No. BB Comparison RR Heterogeneity

Outcome  studies N n'N 95% CI) Pvalue RR (95% CI) Chiz P value
Death 6 342943709 330443501 1.03 (0.99-1.08) 0.146 746 0.281
CV Death [ 170743709 1619/43501 1.05 {0.98-1.12) 0.145 12.90 0.053
Mi 6 146943709 1425/43501 1.03 {0.96-1.10) 0.459 12.09 0.063
Stroke 6 160843709 1346/43501 1.19 (1.11-1.28)  <0.0001 10.39 0.109
YOUNG (<60 y)

Death 3 3459148 3609164 0.98 (0.85-1.13) 0.745 0.80 0.669
CV Death 3 1769148 1699164 1.06 {0.86-1.31) 0.567 4.26 0.119
i 3 3419148 3419164 1.01 {0.88-1.17) 0.846 1.52 0.402
Stroke 3 1989148 255/9164 0.78 {0.650.94) 0.009 0.23 0.893

0.75 1 1.25
BB better BB worse

Fig. 1 Relative risk for adverse outcomes associated with beta-
blockers compared to other antihypertensive agents by age—a meta-
analysis. Reprinted from J Am Coll Cardiol, 52, Bangalore S, Wild D,
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Heart Rate Lowering - Explanation for Clinical Trial
Results?

Insight from short-term studies of the impact of beta-
blockers and reduction in heart rate on central blood pres-
sure and augmentation may provide an explanation of dif-
fering results from long-term clinical trials that include beta-
blockers. As a result of effects on central blood pressure,
studies may be more likely to report similar outcomes when
beta-blockers are compared to antihypertensives that also
lower heart rate. On the other hand, beta-blockers may have
increased cardiovascular event rates when compared to an-
tihypertensive regimens that do not lower heart rate. In the
INVEST trial, over 20,000 patients with coronary artery
disease were randomized to verapamil or atenolol based
therapy [38]. At 24 months, there was no difference in blood
pressure control or the rate of the primary cardiovascular
composite [38]. It is noted that despite verapamil’s negative
chronotropic effects, heart rate was lower at 24 months in
the atenolol arm (69.2/min vs. 72.8/min, P<0.01) [38].
Similar results were seen in the NORDIL study, in which
there was no difference in the composite of stroke, myocar-
dial infarction, or cardiovascular death among patients
assigned to diltiazem or atenolol-thiazide based treatments
[39]. It’s possible that the results in these trials comparing
beta-blockade and calcium channel blockade are due to
relatively similar effects of both classes on heart rate and
peripheral and central blood pressure.

On the other hand, when beta-blockers are compared to
agents that do not lower heart rate such as angiotensin
receptors blockers, diuretics, and dihydropyridine calcium
channel blockers, beta-blockers have been associated with
increased rates of cardiovascular events. A few of these
trials will be reviewed here. The LIFE trial evaluated the
effect of losartan versus atenolol in 9,193 patients with
hypertension, and demonstrated decreased rates of cardio-
vascular disease and stroke in subjects randomized to los-
artan [40]. The Medical Research Council (MRC) trial
assigned hypertensive patients with a diastolic blood pres-
sure <115 mmHg to a diuretic, atenolol, or placebo [41].
Compared to placebo, treatment with a diuretic was associ-
ated with decreased risk for stroke, coronary heart disease,
cardiovascular events, and cardiovascular death. No differ-
ences were observed between the atenolol and placebo
groups [41]. In the ASCOT trial, lower rates of the primary
cardiovascular outcome (stroke, cardiovascular events and
procedures, and all-cause mortality) were observed in the
amlodipine adding perindopril arm versus the atenolol add-
ing a diuretic arm [42¢]. The lower rate of adverse outcomes
with amlodipine was independent of baseline heart rate
indicating that, based on ASCOT, an elevated heart rate is
not an indication for choosing a beta-blocker for manage-
ment of hypertension [42¢]. The ASCOT evaluation of

central blood pressure provides a potential explanation for
these results, and is reviewed below. The increased rate of
cardiovascular events in the atenolol arms of the LIFE,
MRC, and ASCOT trials may be due to lowering of heart
rate, which may increase augmentation pressure and central
blood pressure [43]. However, it is worth stating again that
the beta-blocker used was atenolol, which is known to have
an adverse side effect and metabolic profile [44].

The effect of atenolol on central blood pressure was
addressed through the work of Williams et al. in the Conduit
Artery Function Evaluation (CAFE) study, a sub-study of
the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT)
[45]. Both arms within the study contained protocols for
titration of medications with additional therapies added to
achieve a target blood pressure of <140/90 mmHg for those
without diabetes and <130/80 mmHg for those with diabe-
tes. In the CAFE subset of 2,073 patients in the ASCOT
trial, radial applanation tonometry to calculate central pres-
sure was performed [45]. There was no difference in bra-
chial blood pressure or pulse pressure between the treatment
arms, but atenolol was associated with lower heart rate and
elevated central blood pressure and pulse pressure as well as
augmentation index [45]. Lower heart rate was associated
with increased central systolic blood pressure and pulse
pressure [46°]. Central pulse pressure and augmentation
were independent predictors of a composite of cardiovascu-
lar events and renal impairment [45]. While this is only one
study, there does appear to be a direct link between heart rate
lowering with atenolol, increased central blood pressure,
and adverse outcomes.

Heart Rate, Blood Pressure, and Chronic Kidney
Disease

The issues of heart rate reduction and hypertension control
are magnified in patients with CKD. Decreased renal func-
tion is associated with elevated heart rate, hypertension, and
significantly increased risk for cardiovascular disease
[47—-49]. In patients with CKD, elevated heart rate is asso-
ciated with increased risk for cardiovascular disease [47].
Among 2,531 subjects in the Chronic Renal Insufficiency
Cohort (CRIC) study, estimated GFR was associated with
central pulse pressure on bivariate analyses, but was not
retained as a predictor of central pulse pressure in multivar-
iate models [50]. Treatment of patients with CKD with beta-
blockade has been evaluated in one large study, the African
American Study of Kidney Disease (AASK). In AASK,
total GFR decline was slower in both ramipril and amlodi-
pine compared to metoprolol [S1]. The primary composite
of a decline in GFR, ESKD or death was reduced in the
ramipril arm compared to the metoprolol and amlodipine
arms. No difference was observed in rates of cardiovascular
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mortality or cardiovascular events [51]. Further research in
CKD patients is needed to evaluate the impact of heart rate
lowering, preferably with newer vasodilatory beta-blockers, on
renal and cardiovascular events in this high-risk population.

Beyond Heart Rate to Heart Rate Variability

Measurement of the time intervals from one ventricular
contraction to the next allows for calculation of more than
just the absolute heart rate. The beat-to-beat variability in
heart rate can be measured in the time and frequency
domains, is a measure of parasympathetic and sympathetic
function, and is referred to as heart rate variability [52]. Low
heart rate variability is associated with hypertension, CKD,
and increased risk for all-cause mortality and ESKD
[53-55]. Low heart rate variability is modifiable. Physical
therapy improved heart rate variability in dialysis
patients and patients after myocardial infarction [56,
57]. Finally, a small study of type 1 diabetic patients
demonstrated an increase in heart rate variability with
atenolol [58]. Whether changes in heart rate variability
related to physical activity and different antihypertensive
regimens modify blood pressure and clinical outcomes
is unknown.

Conclusion

For a number of reasons, heart rate is considered an integral
part of the assessment of the hypertensive patient. Elevated
heart rate is associated with increased peripheral blood
pressure, increased risk for cardiovascular disease, and is
modifiable. However, in the absence of heart failure or
coronary artery disease, treating hypertensive patients with
heart rate lowering medications has not been shown to
reduce adverse events when compared to active control.
One possible explanation may be the increase in central
blood pressure with the use of older beta-blockers. Newer
vasodilatory beta-blockers do not appear to increase central
blood pressure to the same extent, and may be effective
antihypertensive agents with the potential to reduce rates
of cardiovascular disease. Long-term, randomized con-
trolled trials are needed to evaluate this hypothesis. The
assessment of heart rate in hypertensive patients may be
appropriate to evaluate adherence [59]. However, choosing
antihypertensive medications based on heart rate or target-
ing a low heart rate in hypertensive patients cannot be
recommended based on the current evidence.

Disclosure No potential conflicts of interest relevant to this article
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