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ABSTRACT: Pulmonary arterial hypertension (PAH) results in chronic right heart failure, which is

associated with an increase in sympathetic tone. This may adversely affect cardiac autonomic

control. We investigated the changes in cardiac autonomic nervous activity in relation to disease

severity in patients with PAH.

In 48 patients with PAH (median World Health Organization class III, pulmonary artery pressure

52¡14 mmHg, pulmonary vascular resistance 1,202¡718 dyn?s?cm-5, cardiac index

2.0¡0.8 L?min-1?m-2) and 41 controls, cardiac autonomic nervous activity was evaluated by

measurement of heart rate variability (HRV) and baroreflex sensitivity. All patients underwent

cardiopulmonary exercise testing (peak oxygen uptake 13.2¡5.1 mL?kg-1?min-1, minute ventila-

tion/carbon dioxide production slope 47¡16).

In patients with PAH, spectral power of HRV was reduced in the high-frequency (239¡64 versus

563¡167 ms2), low-frequency (245¡58 versus 599¡219 ms2) and very low-frequency bands

(510¡149 versus 1106¡598 ms2; all p,0.05). Baroreflex sensitivity was also blunted (5.8¡0.6

versus 13.9¡1.2 ms?mmHg-1; p,0.01). The reduction in high-frequency (r50.3, p50.04) and low-

frequency (r50.33, p50.02) spectral power and baroreflex sensitivity (r50.46, p,0.01) was related

to the reduction in peak oxygen uptake.

Patients with PAH have a marked alteration in cardiac autonomic control that is related to

exercise capacity and may, therefore, serve as an additional marker of disease severity.

KEYWORDS: Exercise capacity, heart autonomic system, heart rate variability, pulmonary

hypertension

P
ulmonary arterial hypertension (PAH) is a
rapidly progressive disease leading to
right heart failure and death [1]. The

increasing availability of medical therapy has
substantially improved symptoms and prognosis
[1]. In the decision process of initiation and
escalation of treatment, risk stratification of the
patients plays a major role. In this regard there is
increasing awareness that chronic right heart
failure is a syndrome that affects many organ
systems including the neuroendocrine system [2–
4] and renal function [5], and that these second-
ary changes are a marker of disease severity,
progression and prognosis. Current evaluation of
disease severity is based on measurement of
resting haemodynamics [6], exercise capacity [7]
and neurohormonal markers [2–4].

PAH is associated with in increased sympathetic
tone as assessed by muscle sympathetic nerve
activity, whereas there are conflicting data
regarding plasma catecholamine levels [8, 9].
The increased sympathetic tone seems to be
related to the haemodynamic abnormalities.

In left heart failure, chronic sympathetic over
activity leads to an impairment of cardiac
autonomic nervous activity (CANA) with
reduced baroreflex sensitivity (BRS) and altered
heart rate variability (HRV) [10]. The altered
autonomic tone is associated with, and possibly
also a mediator of, impaired prognosis in these
patients [11–13].

In animal models of monocrotaline-induced
pulmonary hypertension, reduction in spectral
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power of HRV has been observed [14]. Changes in spectral
distribution of HRV with reduction of low-frequency (LF) and
high-frequency (HF) power [15], and increased LF versus HF
spectral power ratio (LF/HF ratio) have been described in
patients with PAH [16]. These changes were partially
reversible on treatment with subcutaneous treprostinil. This
led to the hypothesis that in patients with PAH there is an
alteration in cardiac autonomic nervous activity, which may
also relate to disease severity.

Therefore, we set out to characterise the cardiac autonomic
nervous activity and its relationship to exercise capacity as a
marker of disease severity in patients with symptomatic PAH.

METHODS

Patients
We studied 48 patients with PAH; 36 with idiopathic PAH, four
with PAH associated with congenital heart defects and eight
with PAH associated with connective tissue disease (13 males,
aged 51¡12 yrs). Patients were in median World Health
Organization class III. Haemodynamic assessment showed a
marked degree of pulmonary hypertension and reduced cardiac
index (mean pulmonary artery pressure 52¡14 mmHg, pul-
monary vascular resistance 1,202¡718 dyn?s?cm-5 and cardiac
index 2.0¡0.8 L?min-1?m-2). Chronic medication included
endothelin-1 receptor antagonists (n529), phosphodiesterase
type 5 inhibitors (n52), inhaled iloprost (n57), intravenous
iloprost (n55), oral beraprost (n54), calcium channel antagon-
ists (n52), oral anticoagulation (n537), spironolactone (n516),
loop diuretics (n532) and digoxin (n53).

Subjects
In total, 41 age and sex matched healthy individuals (12 males,
48¡13 yrs of age, heart rate 69¡10 beats?min-1) served as a
control group for measurements of HRV and BRS. All subjects
had no history of a medical illness, a normal physical
examination and none of them were taking any medication.

The study complied with the Declaration of Helsinki and was
been approved by the institutional ethics committee (Medical
Faculty of the University of Regensburg, Regensburg,
Germany). Informed consent was obtained from all patients.

Measurements
Cardiopulmonary exercise testing

All patients underwent cardiopulmonary exercise testing
(CPET). The exercise test was performed on a treadmill in 26
patients and with a cycle ergometer in 22 patients. The
modified Naughton protocol for treadmill exercise testing
was used. Exercise testing with the use of a cycle ergometer
(ER 900; Jäger, Würzburg, Würzburg, Germany) was started at
20 W with a stepwise increment of 16 W?min-1. Oxygen uptake
(V9O2), carbon dioxide production (V9CO2), instantaneous
expiratory gas concentrations throughout the respiratory cycle
and minute ventilation (V9E) were measured continuously on a
breath-by-breath basis (Oxycon; Jaeger-Viasys, Germany).

Peak V9O2 was defined as the oxygen uptake measured at peak
exercise, which always occurred well beyond the anaerobic
threshold. V9O2 at the gas exchange-anaerobic threshold was
detected with the V-slope method [17], supplemented by the
simultaneous observation of end-tidal gas concentrations.

Pulmonary gas exchange was assessed by the V9E/V9CO2 ratio
and the slope of this relationship on exercise, as reported
previously [18]. Heart rate and blood pressure (using sphygmo-
manometer) were measured at rest and during each stage of
exercise.

HRV and BRS

Patients and controls were studied between 13:00 and 17:00
under standardised conditions, in a quiet air-conditioned
room. Before data acquisition, all patients were in the fasting
state for at least 2 h and were not allowed to smoke or drink
beverages containing alcohol or caffeine for 24 h. Subjects
rested in the supine position for 15 min and then underwent
two successive investigations: one continuous 20-min record-
ing at rest and one 5-min recording during controlled breath-
ing at 0.1 Hz by following a sinusoidal visual and auditory
signal [19]. During each investigation, R-R interval, blood
pressure (BP) and respiration were recorded. Procedures were
performed in the same order in all subjects. BP was measured
by a tonometric device (CBM 7000; Colin Medical Instruments,
San Antonio, TX, USA), with the pressure probe placed over
the right radial artery and the wrist resting comfortably at the
level of the heart. ECG was acquired from the limb lead with
the largest R wave (Sirekust732; Siemens AG, Munich,
Germany). Respiratory rate was measured by thoracic imped-
ance (Sirekust732; Siemens AG). All data were sampled at
1,000 Hz on a computer using an analogue-to-digital converter
(National Instruments, Austin, TX, USA). Readings were saved
and analysed off-line with custom designed software. The
program measured R-R intervals and beat-to-beat systolic
pressure while ectopic beats were excluded by linear inter-
polation [19].

HRV

HRV analysis was made on 20-min ECG recordings and time-
and frequency-domain indexes were calculated using our
laboratory’s software. The following frequency-domain indices
were assessed: 1) very low-frequency (VLF) power (0.0033–
0.04 Hz); 2) LF power (0.04–0.15 Hz); and 3) HF power (0.15–
0.4 Hz).

BRS

For BRS assessment, we measured average amplitudes of
oscillations in the R-R interval and systolic blood pressure
(SBP). BRS was assessed noninvasively using the following
methods [20].

BRS frequency domain index

The square root of the ratio between RR and SBP power
spectral analysis was performed on the R-R interval and SBP
data using an autoregressive algorithm [19, 21]. The a-index
(aLF) was calculated in the presence of an adequate coherence
(.0.5) between the R-R interval and SBP as assessed by cross-
spectral analysis.

BRS sequence method

The average value of the individual linear correlation slopes
between RR and SBP during sequences in which RR and SBP
concurrently increased or decreased over three or more beats.
The minimum change required was 1 mmHg for SBP and 4 ms
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for R-R interval. The regression slope was calculated in those
sequences with correlation coefficients of .0.8.

BRS during controlled breathing

The ratio of the average amplitude of oscillation in RR to the
average amplitude of oscillations in SBP during a 5-min
interval of controlled breathing [19]. The resultant RR and SBP
signals were processed with a simple time-domain digital filter
to extract the signal component at the frequency of interest
(0.1 Hz).

Statistical analysis
Data are presented as mean¡SD. Indices with skewed
distribution were log-transformed. Data were analysed with
Sigma Stat 3.0 (SPSS, Chicago, IL, USA). Differences between

patients and controls were analysed with an unpaired t-test or
the Mann–Whitney test if data did not follow a normal
distribution. The relationship between two variables was
tested using the Pearson correlation. A p-value,0.05 was
considered significant.

RESULTS

CPET
The CPET results of the patients with PAH are presented in
table 1. In 15 patients the V9O2 at the anaerobic threshold could
not be determined because of very low exercise capacity. Seven
patients showed a pattern of pulmonary gas exchange
consistent with a right-to-left shunt during exercise [22], which
resulted in a nonlinear V9E/V9CO2 relationship. In these
patients, the V9E/V9CO2 slope was not calculated.

HRV and BRS
Patients with PAH showed a reduction in total power of HRV
(962 versus 1,938 ms2; p,0.001) analysed in all spectral bands
when compared to healthy controls (fig. 1). However, there
was no significant difference in the LF/HF ratio (1.28 versus
1.04; p50.19). As shown in figure 2, BRS was consistently
decreased in patients with PAH.

Relationship of HRV to exercise capacity and pulmonary
gas exchange
The reduction of both HF and LF power was associated with
progressive impairment of exercise capacity as assessed by
peak V9O2 (fig. 3). However, there was no significant correl-
ation with the impairment of ventilator efficiency (logHF versus
V9E/V9CO2 slope r5 -0.13, p50.4; logLF versus V9E/V9CO2 slope
r5 -0.22, p50.14).

Relationship of BRS to exercise capacity and pulmonary
gas exchange
BRS, as assessed by the controlled breathing method (fig. 4),
and the aLF-index revealed a significant correlation with peak
V9O2 (r50.46, p,0.01 and r50.36, p,0.05, respectively). No
significant correlation with the V9E/V9CO2 slope was found
(r5 -0.13, p50.4).

TABLE 1 Results of cardiopulmonary exercise testing of
pulmonary arterial hypertension patients

Parameter

Exercise duration s 384¡33

SBP rest mmHg 121¡3

DBP rest mmHg 76¡2

SBP peak exercise mmHg 150¡6

DBP peak exercise mmHg 83¡3

Oxygen uptake at anaerobic threshold# mL?kg-1?min-1 10.4¡1.1

Peak oxygen uptake mL?kg-1?min-1 13.2¡5.1

RER at peak exercise 1.03¡0.05

V9E/V9CO2 rest 46¡1

PET,CO2 rest mmHg 26.1¡0.7

V9E/V9CO2 slope" 47¡16

Sa,O2 rest % 92¡1

Sa,O2 peak exercise % 87¡1

Data are presented as mean¡SD. SBP: systolic blood pressure; DBP: diastolic

blood pressure; RER: respiratory exchange ratio; V9E: minute ventilation; V9CO2:

carbon dioxide production; PET,CO2: end-tidal carbon dioxide tension; Sa,O2:

arterial oxygen saturation. #: n533; ": n540.
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FIGURE 1. a) High-frequency (HF), b) low-frequency (LF) and c) very low-frequency (VLF) spectral power in patients with pulmonary arterial hypertension (PAH) versus

controls. **: p,0.01.
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DISCUSSION
PAH results in chronic right heart failure which is not just a
condition of pure haemodynamic failure but a syndrome
affecting many organ systems.

Increased sympathetic activity, as is evident from increased
systemic vascular resistance [23] or direct measurement of
sympathetic nervous activity [8], may have detrimental effects
on disease progression that parallels the effects seen in chronic
left heart failure. However, little is known about such
consequences of sympathetic over activity in PAH.

Our study shows that in patients with PAH, chronic
sympathetic over activity leads to profound changes in cardiac
autonomous regulation and that these changes relate to disease
severity.

HRV
We assessed HRV based on 20-min resting ECG recordings
under standardised external conditions. This duration of
measurement allows ample time for the frequencies of interest.
Compared to 24-h recording, this has the advantage of
eliminating the variation in physical activity between patients,
which inevitably occurs during unrestricted and unobserved
behaviour.

We observed a marked reduction in the total power of HRV
with similar reduction of HF, LF and VLF power compared
with healthy controls.

Since HRV in the HF band is mediated by the vagal activity,
our findings indicate vagal withdrawal, which can be
explained by the underlying cardiac failure. The observed
reduction in the LF power, which is mainly regulated by
sympathetic innervation, may be surprising at first.
Sympathetic stimulation that results from physiological
changes (i.e. orthostasis, exercise or cold exposure) or acute
and subacute disease (i.e. post-myocardial infarction) increases
LF power compared to total power and HF power [11, 20]. In
contrast, chronic sympathetic stimulation, as in chronic left
heart failure, leads to a reduction in LF power indicating a
reduced susceptibility to respond to changes in sympathetic
tone [12, 13]. This suggests that the reduction in LF power in
PAH patients results from chronic sympathetic activation,

which has been reported previously [8]. The concomitant
changes in HF and LF power explain the absence of a
significant change in the LF/HF ratio compared with healthy
controls. FAUCHIER et al. [15] described much higher LF/HF for
patients with PAH as well as for normal individuals. However,
they used 24-h ECG recordings and their finding might be
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FIGURE 2. Baroreflex sensitivity as assessed by a) controlled breathing, b) sequence method and c) a-index in patients with pulmonary arterial hypertension (PAH)

versus controls. ***: p,0.001.
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explained by higher physical activity during the sampling
period.

BRS
We used three different noninvasive methods to assess BRS
and consistently observed a marked reduction in BRS. These
results fit perfectly with the observed changes in HRV.

First, the baroreflex consists of a reciprocal change in heart rate
and systemic vascular resistance in response to spontaneous
changes in arterial BP [24]. The afferent pathway involves
parasympathetic fibres of the vagal and glossopharyngeal
nerve. The efferent pathway involves both sympathetic
(reduced when BP rises) and vagal outflow (increased when
BP rises). Therefore, a blunted BRS contributes to reduced
vagal outflow and unrestricted sympathetic outflow to the
heart, which is reflected by the changes in LF and HF power.

Secondly, the LF band has been suggested to reflect the
baroreflex induced changes in heart rate and, therefore,
reduced BRS results in reduced LF power [25, 26].

What is the cause of altered cardiac autonomous activity in
PAH?
Chronic sympathetic over activity, which has been described in
PAH, is a likely cause of the change in autonomous control.
The data from CIARKA et al. [9] suggest that sympathetic
activity is directly related to the severity of the underlying
haemodynamic failure with increased right atrial pressures
and low cardiac output in PAH. However, the changes in
cardiac autonomic nervous activity observed in our study
parallel those seen in patients with chronic left heart failure
[10, 12] and other chronic cardiac conditions associated with
relative circulatory failure, for example, in adults with
congenital heart defects [27, 28]. This suggests that the chronic
autonomic imbalance, and its effects on cardiac autonomous
nervous activity, is a nonspecific response to chronic circu-
latory/heart failure regardless of its origin. Furthermore, data
from patients with predominant left heart failure also suggest
that peripheral changes occurring secondary to the underlying
haemodynamic disorder are major contributors to increased
sympathetic activity [21, 29].

In chronic left heart failure, peripheral blockade of sympathetic
over activity improves cardiac function, symptoms and
prognosis and is, therefore, an integral part of medical therapy
[30]. Is there a role for such therapy in patients with PAH?
Currently, no controlled data exists on this issue; nevertheless,
b-blockade is usually poorly tolerated in PAH and may lead to
acute decompensation of right heart failure (i.e. overt right
heart failure with fluid retention and symptoms at rest), even
when administered at minute doses (M.M. Hoeper, Dept of
Respiratory Medicine, Hannover Medical School, Hannover,
Germany; personal communication). This difference to left
heart failure may be explained by the chronic unrelieved
pressure overload of the right ventricle which requires chronic
inotropic support by sympathetic stimulation. However, this
may change with further improvements in medical therapy
aiming to reverse pulmonary vasculopathy.

CANA in relation to exercise capacity and pulmonary gas
exchange
We found a severely reduced peak V9O2 and ventilatory
efficiency (assessed by the V9E/V9CO2 ratio or V9E/V9CO2 slope)
in our patients, which is consistent with previous reports of
PAH [23, 31, 32]. In our study, the alteration in cardiac
autonomic modulation was related to disease severity as
measured by peak V9O2. Thus, it can be concluded that cardiac
autonomous control is related to disease severity in PAH.
However, no significant relationship between parameters of
ventilatory efficiency and CANA was found. This is a
surprising finding as the V9E/V9CO2 ratio and slope have
consistently been shown to be increased in PAH [23, 31, 32]. A
potential explanation to this is that the V9E/V9CO2 slope
depends on the patient’s effort, if all exercise data are included
in the regression analysis. In fact, the mean peak respiratory
exchange ratio was relatively low in our study, which might
imply that V9E/V9CO2 slope was measured incorrectly in some
patients. This would confound the relationship between the
V9E/V9CO2 slope and CANA.

Measurements of HRV and BRS are noninvasive and do not
inconvenience the patient. Therefore, they can be obtained and
repeated at any stage of disease. This implies a potential role of
these measurements in risk stratification and treatment effects
in PAH. However, this requires further investigation.

Study limitations
A potential limitation of our study was that we did not directly
measure sympathetic outflow. Direct measurement by muscle
sympathetic nerve activity, which is a difficult and sometimes
uncomfortable procedure, is recognised to show increased
sympathetic activity that relates to disease severity in PAH.
Potentially more accessible indices, such as plasma catechol-
amine levels, are unfortunately not reliable at reflecting
sympathetic status in PAH [8]. However, our study did not
aim to measure sympathetic activity, which has been shown to
be increased in PAH previously [8, 9], but to investigate the
effect on cardiac autonomous control and its relationship to
disease severity. Therefore, we took a pragmatic approach of
obtaining measurements using methods that patients found
acceptable, and were likely to reflect cardiac autonomic nerve
function.
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The patients in our study had been suffering from PAH,
including idiopathic PAH, PAH related to connective tissue
disease and PAH related to congenital heart defects. Therefore,
it is possible that our results have been confounded by the
underlying disease (i.e. connective tissue disease). However,
the presence of PAH appears to have a major adverse effect on
the symptoms and prognosis of such patients [33]. In fact, any
clinical measure of disease severity (i.e. World Health
Organization functional class, 6-minute walk test or peak
V9O2) reflects an integral measure that is influenced not only by
PAH but by comorbidities as well. Because of the small
number of patients with underlying connective tissue disease
we are unable to comment on the relationship between
autonomic control and pulmonary gas exchange variables.
However, exclusion of the nonidiopathic PAH patients did not
significantly alter the results of our study.

For logistical reasons we had to use different exercise protocols
(treadmill versus bicycle) at the two study sites, which may
have confounded our results. This would, however, have made
it more unlikely to find a relationship between peak V9O2 and
autonomic control and should not bias the study towards a
false-positive finding. Furthermore, the difference in peak V9O2

in PAH patients appears to be very small when different
exercise protocols were used [34].

Finally, although none of the patients had been treated with a
b-blocker, medication may have influenced our measurements
of CANA. There are data to suggest effects of endothelin-1
antagonism, digoxin and prostanoids on autonomic function
[35–37], which may confound the correlation of measures of
CANA and disease severity. This should be taken into account
if serial measurements, in particular, are taken with over-
lapping changes in medication.

Conclusion
In patients with PAH there is profound alteration of cardiac
autonomic control. The observed changes parallel those seen in
chronic left heart failure and relate to disease severity.
Measurement of cardiac autonomic function may have a role
in clinical assessment and risk stratification of patients with
PAH.
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