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Abstract
Neurogenic factors are known to be important in the development of hypertension. Our current
knowledge of the role of autonomic nervous system in chronic hypertension is, however, limited. The
purpose of the present study was to evaluate the possible abnormalities in heart rate variability (HRV)
and baroreflex sensitivity (BRS) in patients with long standing systemic hypertension compared to
subjects without evidence of cardiovascular disease. A particular aim was also to examine whether
genetic variation in the renin-angiotensin-aldosterone system (RAS) genes have an influence on
cardiovascular autonomic regulation.

Case-control studies were carried out on a total of 280 normotensive and 214 hypertensive subjects
drawn from a random middle-aged population originally recruited for an epidemiologic study of
cardiovascular risk factors. The possible association of BRS with the genetic polymorphisms of
renin-angiotensin-aldosterone system genes was studied in a cross-sectional study of 315 healthy
controls. Genetic associations were also tested in a younger, independent population sample of 66
subjects. The effects of intensified antihypertensive treatment on autonomic cardiovascular control
were evaluated in 33 hypertensive patients with poor blood pressure control.

Wide interindividual variation in both HRV and BRS was observed in normotensive as well as
hypertensive subjects. Overall HRV and autonomic responses to a change in body posture were
blunted in long-standing hypertension. Decreased HRV was mainly related to elevated blood pressure
and obesity.

For the first time in a population-based study, it was confirmed that BRS is impaired in patients with
long-standing hypertension despite adequate antihypertensive treatment. In contrast to HRV, BRS
was reduced in hypertensive subjects also after adjustment for blood pressure and obesity. BRS also
varied widely both between healthy and hypertensive individuals. The wide interindividual variation
in the markers of autonomic cardiovascular regulation was not, however, completely explained by
demographic variables, cardiovascular risk factors or lifestyle, suggesting a genetic component
contributing to HRV and BRS.

The polymorphism in the aldosterone synthase (CYP11B2) gene was found to strongly associate with
BRS in two independent random populations of apparently healthy subjects. The association was
even stronger in the younger population. On the basis of the observations made in the older
population, it seems possible that women are protected against the effect of age and blood pressure
on BRS and tend to maintain the genomic influence longer.

Intensified antihypertensive combination therapy improved blood pressure control and caused
regression of left ventricular hypertrophy, and resulted in significant improvements of HRV and BRS.

The present study shows that HRV and BRS are altered in long-standing systemic hypertension.
Together with age, blood pressure and obesity, genetic factors seem to be important determinants of
BRS. However, abnormal autonomic cardiovascular regulation does not seem to be an irreversible
phenomenon, but can be partly restored by modern combination antihypertensive therapy.

Keywords:baroreflex sensitivity, gene polymorphism, heart variability, systemic hyper-
tension.
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1. Int roduction

Systemic hypertension is a common problem in adults, contributing in a major way to the
most common causes of morbidity and mortality in developed societies (1). Whereas
aging, obesity, and environmental factors contribute to the onset of hypertension,
neurogenic factors are known to be important in the regulation of blood pressure (BP)
and in the development of hypertension (2). Abnormal cardiovascular regulation may
also be a potential trigger of adverse events in hypertensive patients. It is therefore easy
to understand the growing enthusiasm about heart rate variability (HRV) and baroreflex
sensitivity (BRS), which both indirectly reflect the autonomic input to the heart and have
been associated with an increased cardiovascular mortality in various populations (3-7).

Untreated hypertension is known to be associated with decreased HRV (8-10) and
BRS (11-13). Our current knowledge of these indices in patients with medicated
hypertension is limited, however, and the factors affecting cardiovascular autonomic
regulation are largely unknown (14-18). Nor is it known whether abnormalities in HRV
or BRS can be influenced or reversed by modern antihypertensive treatment.

The wide scatter in HRV and BRS observed in previous studies (17,18) suggests that
genetic components may contribute to autonomic cardiovascular regulation (19,20). The
autonomic nervous system has multiple interactions with the renin-angiotensin-
aldosterone system (RAS), which regulates BP as well as the fluid and electrolyte
balance (2,21,22). Therefore, genes encoding for components of this system are attractive
candidates for the investigation of the genetic basis underlying the impairment of
autonomic cardiovascular regulation in systemic hypertension.

The present work was set out to study the possible abnormalities in HRV and BRS in
patients with medicated systemic hypertension, to evaluate the determinants of these
indices and to evaluate whether intensive antihypertensive therapy has an effect on
autonomic cardiovascular regulation. A particular aim was to examine the potential risk
loci in the genes encoding components of RAS.



2. Review of the literatu re

2.1. Assessment of cardiovascular function

2.1.1. Heart rate variability

2.1.1.1. History and general aspects

Heart rate (HR), BP and many other cardiovascular variables fluctuate from beat to beat.
HR is principally influenced by both the intrinsic firing rate of the sinus node and the
effects of the autonomic nervous system, but various other physiological perturbations
also alter HR. Cyclic changes in HR and BP synchronous with respiration have been
noted since ancient times, but were first systematically studied by S. Hales in 1733 (23).
In 1876, S. Mayer described waves in BP which were lower than respiration. HRV refers
to the amount of continuous HR fluctuation around the mean HR and reflects
complicated interactions between the sympathetic and parasympathetic nervous systems
together with other physiological regulatory systems modulating sinus node pacemaker
activity. HRV reflects the dynamic processes involved in the maintenance of homeostasis
(24). The clinical importance of HRV was first appreciated in relation to fetal monitoring
(25). Thereafter, the easy derivation of the measurement of HRV by computerized
analysis, the availability of better algorithms to assess the oscillatory components of HR
behavior (26,27) and the prognostic significance of HRV (3), has popularized its use in
various cardiac and noncardiac pathological conditions. The variation in HR may be
evaluated by a number of methods (28).

2.1.1.2. Time domain analysis of heart rate variability

In time domain methods, a simple statistical analysis of a sequence of successive RR
intervals or RR interval differences is used. All measurements require accurate timing of
R waves and, for statistical time domain methods, it is essential to carefully eliminate



17

artefacts and ectopic beats from the data.
The most common and simplest index is the standard deviation of normal-to-normal

RR intervals (SDNN) over a 24-hour period (estimated overall HRV). Mathematically,
SDNN is the square root of variance, which equals to the total power of spectral analysis.
In other words, SDNN reflects all the components responsible for variability in the
recording period. However, the value of SDNN depends on the length of the recording
period, which has been recommended to be nominal 24 hours (28). The standard
deviation of average normal-to-normal RR intervals (SDANN, estimated long-term
HRV) is calculated over short periods, usually 5 minutes. The most commonly used
measure derived from interval differences is the square root of the mean squared
differences of successive normal-to-normal RR intervals (RMSSD, estimated short-term
HRV). RMSSD is an estimate of HF variations in HR. The HRV triangular index (HRV-
index) is a geometric measure of HRV, usually derived from a 24-hour ECG recording.
In this method, the lengths of the RR intervals are plotted against the number of each RR
interval length. The HRV index represents the total number of RR intervals divided by
the largest number of the equally long RR intervals. This type of analysis is relatively
insensitive to artefacts and ectopic beats (29).

2.1.1.3. Frequency domain analysis of heart rate variability

Spectral analysis (26) quantifies the oscillatory frequency of HR in addition to the
amount of variability and thereby quantifies the different frequency domain components
in terms of their relative intensity (power)(27). For optimal reliability of the analysis, it is
even more stringently necessary than in time domain analysis that ectopic beats and
artefacts can be reliably detected and eliminated. It is essential to preview and edit
manually the RR interval data. In addition, the signal should be stationary (e.g. linear
trends should be removed by detrending and filtering the data) and sufficiently long (> 5
minutes).

Both a Fast Fourier transform algorithm (non-parametric) and an autoregressive model
(parametric) have been used to transform RR interval signals into frequency domain
measures (30). Autoregressive analysis has better spectral resolution and it enables
spectral estimation from shorter time periods than the Fast Fourier method (26). In most
instances, both methods provide comparable results. A typical power spectrum in a
healthy subject is displayed in Fig. 1.

Spectral components (area under the frequency domain bands = power) are usually
reported in absolute units (milliseconds squared) (31,32). The recommended boundaries
for different frequency bands are: total power <0.4 Hz, ultra-low frequency <0.003
(ULF), very low frequency 0.003-0.04 Hz (VLF), low frequency 0.04-0.15 Hz (LF), and
high frequency 0.15-0.4 Hz (HF). The ULF and VLF components account for 95% of the
total power of long-term recordings (usually 24-hour), but the problem of stationarity
should be taken into account when analyzing these components from long-term
recordings (28). Temporal reciprocal changes in the different limbs of the autonomic
nervous system are often analyzed from short-term recordings using normalized units
(33-35). Normalized units represent the value of each power component divided by the
VLF component. The value of this parameter together with the ratio of absolute LF to HF
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power as indexes of sympathovagal balance has, however, been questioned recently (36).
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Fig. 1. A power spectrum of a 45-minute segment of a RR interval tachogram.

2.1.1.4. Other methods of analyzing heart rate variability

The Poincaré plot (a geometric measure) is a diagram in which each RR interval is
plotted against the previous RR interval. This plot provides a visual and quantitative
analysis of RR intervals (29,37). The Poincaré plot contains both linear and non-linear
phenomena of HRV (38).

Because the cardiovascular system is not a stationary system, several new dynamic
methods have been recently developed to measure the non-linear properties of HRV.
These methods provide new insight into the analysis of HRV in various cardiovascular
disorders. These analyses include 1/f scaling of Fourier spectra (39), detrended
fluctuation analysis (22), approximate entropy (40) and power-law relationship (6).

2.1.1.5. Physiological correlates of heart rate variability

Despite the vast body of literature and the extensive clinical use of HRV, the
pathophysiological neural and humoral mechanisms responsible for changes in various
time and frequency domain measures of HRV are poorly understood. It is also necessary
to bear in mind that HRV represents the net effects of several inhibitory (mostly vagal)
and excitatory (sympathetic and humoral) influences, and that power spectral
components, are not selective for specific autonomic components. The cardiac sinus
rhythm varies as a result of physical and autonomic nervous system activity, mental
stress, respiration, BP regulation, thermoregulation, RAS activity and possibly other
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unknown factors.
Time-domain measures of HRV are known to correlate with vagal activity (41,42).

The power of HF oscillation (periodicity of 2.5-7 seconds), which is know to be related
to respiration (respiratory sinus arrhythmia), is considered a marker of vagal efferent
activity on the heart (27,30,35). The modulation of HR associated with respiration is
influenced by BP changes secondary to respiratory movements mediated via arterial
baroreceptors or atrial stretch receptors and the reflex response to lung inflation mediated
by thoracic stretch receptors, but, most importantly, respiratory sinus arrhythmia is
influenced by central impulses from the respiratory center (43). A faster breathing rate
decreases the HF power, but an increase in the tidal volume of respiration (34,42)
increases the magnitude of HF oscillation. On the other hand, atropine and vagotomy
abolish the HF component (27,33). Also, the HF component of HRV is diminished by
physical or mental stress accompanied by increased sympathetic activity (33). However,
a constant and saturating influence of high vagal tone on sinus node, which might be the
case when BP is increased abruptly by phenylephrine (44), may lead, counterintuitively,
to a diminished HF component of HRV (45). Taken together, the HF component can be
used as an estimate of vagal activity under standard physiological conditions (45).

The opinions on the genesis of LF oscillation (periodicity of 7-25 seconds) have been
controversial. LF power has been suggested to reflect sympathetic activity with vagal
modulation, but the results depend upon the study conditions (e.g. posture, length of
recordings, clinical situation) (27,33,34,42). In physiological conditions, including
moderate mental or physical stress, the LF component of HRV may reflect the
sympathetic modulation of HR, and the magnitude of LF power is accordingly increased
(33,46). In some clinical conditions, such as heart failure (47) or maximal exercise (48),
however, LF power fails to show increased sympathetic activity and the values of LF
power are decreased. At least two potential explanations are available for these
apparently discrepant findings. One possibility is, that despite the high sympathetic tone,
HR is not modulated because of a saturated influence on the sinus node (45). The other
reason for a low LF component of HRV in cases of high sympathetic tone could be the
low BRS, which is often related to these conditions (49). This theory is based on De Boer
model of the circulation. According to this model, LF power is produced by the variation
of sympathetic discharge due to the resonant interaction between fast vagal and slow
sympathetic responses to baroreceptor stimulation (49). This dependency of LF
oscillation in the RR interval on Mayer wave BP oscillations (0.1 Hz) has been
confirmed by some (50), but not all authors (51).

The origin of the VLF component is not clear, although contributions by RAS and the
termoregulatory system may play a role (27,52,53). VLF power is influenced by
baroreflexes, and parasympathetic activity actually seems to be the most important
modulator of VLF oscillations (27,42,52). Vagal efferent activity is also a significant
modulating factor of the ULF component (27), but the precise origin of this component is
unknown.
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2.1.2. Baroreflex sensitivity

2.1.2.1. General aspects

Arterial baroreceptors are sensory nerve endings located primarily in the blood vessel
walls of the carotid sinuses and the aortic arch (Fig. 2) (54,55). Increased BP causes
vascular stretch and activates baroreceptors, which triggers adjustments in autonomic
outflow, HR, and vascular resistance to buffer excessive fluctuations of BP (56).
Conversely, decreases in BP reduce baroreceptor discharge and trigger adjustments that
counteract the hypotension. Afferent (sensory) neurons transmit the baroreceptor activity
to the central nervous system (the nucleus tractus solitarius in the medulla), where the
impulses interact with various nuclei of central neurons and the peripheral effects are
mediated by the group of parasympathetic and sympathetic efferent neurons. At the
central nervous system level, complex interactions between afferent impulses from the
arterial baroreceptors and impulses from other reflex systems, e.g. cardiac baroreceptors
(the Bezold-Jarisch reflex (57)), take place, which it makes it difficult to study single
specific reflexes in humans. When interpretating studies of baroreflex responsiveness,
one must be aware of the following concepts: BRS = the slope of the linear relationship
between the systolic BP and RR intervals; BRS equals gain = the effect of BP changes
according to the level and situation in which they occur; set point = the minimum BP
level at which baroreflex activation varies. Several methods are available to study the
responses to various interventions, which usually activate several reflexes simultaneously
(56,58-60).

Carotid
Sinuses

Aortic Arch

Adrenal Medulla

Kidney Renin

Angiotensinogen

Angiotensin I

Angiotensin II

Sympathetic
Efferents

Parasympathetic
Efferents

Epinephrine
Norepinepinephrine

Heart Rate

Baroreceptor Afferents

ACE
Bradykinin

Inactive
Products

Fig. 2. Arterial baroreceptors, their location, the baroreflex arch and the interactions
between the baroreceptor-mediated regulations of BP and RAS.
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2.1.2.2. Phenylephrine test

The phenylephrine technique has been the ”gold standard” in the quantification of arterial
BRS (11,60). The advantage of this method is that all arterial baroreceptor regions are
exited simultaneously and secondary buffering of one reflex to another is not a problem.
The principle of this method is that an intravenous bolus of phenylephrine causes a rise in
arterial BP via the vasoconstrictor effect ofα-stimulation and results in a reflex slowing
down of HR. A typical computer output of a phenylephrine test is displayed in Fig. 3.

There are some drawbacks in this method, however. The invasive technique
(intravenous and occasionally intra-arterial cannulation) restricts it use in both clinical
practice and large-scale population surveys. Also, the invasive technique may influence
the reflex responses (61). Furthermore, cardiopulmonary afferent stimuli may modulate
the baroreflex responses after the phenylephrine injection. This is, however, unlikely in
normal physiological conditions in humans (62). Phenylephrine has also been
administered with a graded infusion technique to measure BRS, but the slopes obtained
by the infusion method yield smaller BRS values and do not correlate with the slopes
obtained by the bolus method (63).

2.1.2.3. Valsalva maneuver

Valsalva maneuver, i.e. forced expiration against a closed glottis, has been widely used to
assess autonomic reflex mechanisms (64,65). During the procedure, there is an increase
in thoracic and abdominal pressures, resulting in an accumulation of blood outside those
areas and a consequent decrease in cardiac filling. Four typical phases of the Valsalva
maneuver have been observed (Fig. 3): Phase 1, elevation of arterial BP at the onset of
straining for a few seconds, mainly due to mechanical propulsion of blood to the arteries;
Phase 2, a fall and subsequent partial recovery of pressure above the control levels as
straining continues. HR and vascular resistance increase to compensate for the lower
cardiac output (impaired venous return); Phase 3, a sudden brief further reduction of BP
and elevation of HR immediately following the release of straining; and Phase 4
(overshoot phase), a terminal elevation of BP above the control levels accompanied by a
slowing down of HR. Sympathetic activity is minimal at phase 1, prominent during the
Phases 2 and 3, and absent during and after phase 4 (65). The BP elevation during the
overshoot phase is proportional to the increase of sympathetic activity during phase 2,
which probably causes the increased peripheral resistance and consequent BP rise during
Phase 4 (65). Because the changes of the autonomic sensory input and neural output
triggered by Valsalva maneuver are highly complex, the intervention must be done in a
standard way (expiratory pressure, duration of strain, period of poststrain controlled
breathing, time window of the slope calculation) to obtain reproducible results.
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Phenylephrine test Valsalva test
RRI versus time

SAP/MAP/DAP versus time
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r = 0.970

Fig. 3. Computer output of phenylephrine and Valsalva tests in a healthy subject. Upper
panels: beat-to-beat RR intervals and BR values. Phases (1-4) of the Valsalva maneuver are
indicated by vertical lines. Lower panels: RR intervals plotted as a function of the preceding
systolic BP values. The time window used for the BRS slope calculation is indicated by
broken lines in phenylephrine test, and phase 4 is used for BRS calculation in the Valsalva
test. BRS is 7 ms/mmHg in both tests.

Although BRS calculated from the overshoot phase of a Valsalva maneuver has been
comparable with BRS calculated from a phenylephrine test (66-69), many factors operate
in the early part of Phase 4. The effects of the BP rise on the arterial baroreceptor may be
modified by a sudden change in intrathoracic pressure, whereby other reflex systems,
particularly those mediated by cardiopulmonary baroreceptors, are activated. In addition,
stroke volume, cardiac output and left ventricular contractility are changing at this time
(67). When the method has been used in a standardized way, the Valsalva-based
assessment of BRS has been moderately well reproducible (69,70). However, one must
be cautious when interpreting the results in patients with cardiac disease, especially heart
failure (71). A failure to obtain the baroreflex slope is most commonly due to an
inadequate rise in BP during the Valsalva strain (69).

2.1.2.4. Cross-spectral analysis of spontaneous baroreceptor
responsiveness

Recent studies have suggested that the spontaneous fluctuations of BP and RR intervals
offer a useful opportunity to assess baroreflexes in natural circumstances (72-75). The
quantification of BRS by cross-spectral analysis assumes that arterial BP variations
provoke RR interval variations. In other words, spontaneous fluctuations of BP trigger
changes of arterial baroreceptor firing, which, in turn, trigger changes of vagal
motoneuron firing (after a 2-second phase lag). The baroreflex gain is calculated as the
square root of the ratio between the RR interval and systolic pressure variability at the
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frequencies of physiological interest. The measuring period should be stationary without
ectopic beats and sufficiently long (about 5 minutes), to quarantee reliable results.
Spectral analysis of variability in RR interval and systolic BP can be performed using a
fast Fourier or autoregressive method (73,76).

The baroreflex calculation is not reliable if the coherence of the transfer function
estimate between the RR interval and systolic BP is low (<0.5) (Fig. 4). Good
correlations between BRS calculated with cross-spectral analysis and a phenylephrine
test have been observed in healthy subjects and patients with coronary artery disease
(72,73). The slopes obtained from the mid-frequency range (0.07-0.15 Hz) correlate
more closely with the slopes obtained from a phenylephrine test than the slopes obtained
from the respiratory frequency range (0.15-0.40 Hz). It is probable that the mid-
frequency cross-correlation slopes are an estimate of simple baroreflex physiology, e.g.
that pressure changes trigger RR interval changes, and could be recommended as a
measure of BRS when using this method (72). A typical computer output of cross-
spectral analysis is displayed in Fig. 4.
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Fig. 4. The computer output of cross-spectral analysis performed on single stationary periods
of around 5 minutes. Upper panels: RR interval and BP variabilities as a function of time.
Lower left panel: the corresponding power spectral densities of the RR intervals and systolic
BP as a function of frequency. Lower right panel: cross-spectral analysis of the coupling
between systolic BP and RR interval, including the calculation of the coherence function
(reliability of the transfer function) and the phase angle (relative timing) of the changes as a
function of frequency. The BRS is 3.3 ms/mmHg in Region 1 and 2.8 ms/mmHg in Region 2.
MAP = mean arterial pressure; DAP = diastolic arterial pressure.
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2.1.2.5. Other techniques for measuring baroreflex sensitivity

Vasoactive agents other than phenylephrine have also been used to assess BRS.
Angiotensin II (77-79) as a vasoconstrictor and nitroglycerin or nitroprusside (60) as
vasodilators have been used most commonly. Although these agents do not have direct
effect on HR, they may have central effects on baroreflex function and effects on venous
return and venous compliance, which may contribute to the results.

A negative pressure applied to the lower half of the body to reduce central blood
volume (lower body suction) has been used to investigate the reflex control of human
circulation. This technique is suitable for studying reflexes of cardiopulmonary origin,
but it is notably less selective with regard to arterial baroreflexes (59).

The carotid baroreceptors can be selectively stimulated by the neck chamber
technique (58,59,80), where a tightly fitting rigid collar, within which pneumatic pressure
can be reduced in a graded fashion below atmospheric pressure, is applied to the subjects
neck. A negative pressure increases carotid transmural pressure and thereby increases the
activation of the carotid baroreceptor. Deactivation of these receptors is possible by
positive pressure. The immediate response of RR interval to changes in neck chamber
pressure occurring within one or two cardiac cycles is likely to be due to carotid
baroreceptor stimulation. However, this response diminishes rapidly, presumably due to
adaptation of the carotid baroreceptors, but also to buffering by the resulting response
influencing other baroreceptors.

Apart from cross-spectral analysis, the spontaneous sequence method provides another
possibility to estimate spontaneous baroreceptor responsiveness (81,82). In this method,
sequences of three or more beats, within which BP spontaneously increases or decreases
followed by changes in RR interval, are identified and baroreflex slopes are determined.
Although it is not clear whether there is a causal baroreflex mediated relationship
between BP and HR in all measured sequences (83), a reasonable correlation between the
sequence and other methods has been reported (84).

2.1.3. Other techniques to evaluate cardiac autonomic control

Plasma levels of norepinephrine have been used as a measure of the overall level of
sympathetic activity (85). They represent the net result of release, re-uptake and
catabolism of norepinephrine in many regions of the body. Cardiac norepinephrine
spillover (overflow to plasma) using isotope dilution is a measure of the global
sympathetic firing rate in the heart (86). This method is invasive and requires cannulation
of the coronary sinus, being therefore unsuitable for widespread use. The regional
sympathetic integrity of the heart could be assessed by single-photon emission computed
tomography after administration of radiolabelled I-123 metaiodobenzylguanidine
(MIBG), which acts as an analogue of norepinephrine and has a distribution reflecting
that of sympathetic nerve endings with a preserved uptake process (87).

Neural sympathetic activity can be most directly examined by peripheral nerve
recordings using the microneurographic technique developed by Hagbarth and Vallbo
(88). The complex effects of arterial and cardiopulmonary baroreceptors on peripheral
(skin and muscle) neural sympathetic activity (65,86) could be assessed with this
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technique (86,89). The potential limitations on the universal use of microneurography are
the time-consuming technique, the difficulties to find adequate recording sites for
detecting sympathetic impulses and the marked interindividual differences in background
activity compared to the responses to different maneuvers. In most instances, it is also not
possible to perform single-fiber recordings.

Similarly to HR, short and long term BP variability, obtained from continuous BP
recordings, has been quantified by power spectrum analysis. HF oscillations of BP have
been associated with respiration. LF oscillations are know as Mayer waves (≈ 10 s
oscillations), which are believed to be caused by fluctuations in vascular tone and
peripheral resistance (90). High BP variability has been suggested to associate with
increased incidence of end-organ damage in hypertensive patients (90). More studies are
needed, however, to confirm the role of BP variability in evaluation of cardiac autonomic
control, and to establish its prognostic significance (91).

2.1.4. Reproducibility and comparability of the methods

Although reproducibility may not be so important from the prognostic point of view (92),
the modification of HRV or BRS in intervention studies can be considered useful only if
the measurements are repeatable. The reproducibility and comparability of these
measures depend on the length of the recordings, the measurement technique, the time
between the measurements and the study population.

The reproducibility of 24-hour HRV measurements has turned out to be good enough
to allow interpretation of the results obtained from a single recording. Reproducibility
has been reasonable (intraclass correlation = reproducibility within a group >0.7,
coefficient of variation = within-subject SD divided by sample mean <10%) in healthy
subjects (16,93,94) and even better in cardiac patients, whose HRV is usually lower and
day-to-day variation smaller (95). Kleigeret al. have shown that, in addition to good
reproducibility, individual measurements from 24-hour recordings are stable in a range of
3 to 65 days and lack placebo effect in healthy subjects (93). The reproducibility of
short-term HRV measures from subsequent segments of 2-5 minutes during one session
has been good for time domain measures (intraclass correlation > 0.9, coefficient of
variation <10%) and reasonable for frequency domain measures (intraclass correlation
0.5-0.9) (96,97). The reproducibility of short-term HRV determined on separate days has
been questioned (16) and shown to be only moderate (intraclass correlation 0.6-0.8,
coefficient of variation 16-64%)(98,99). To eliminate large physiological variation over
time, controlled conditions (e.g. controlled respiration) are especially important in short-
term recordings (especially for the determination of the HF component of HRV) (98).
Manual editing of ECG data may involve individual differences in the ability to detect
ectopic beats, but the interobserver reproducibility of indices of HRV has been high
(100).

The comparability of indices of HRV derived from short-term and long term
recordings has been good enough (correlations ranging from 0.6 to 0.9)(92,99).
Furthermore, many of the time and frequency domain measures strongly correlate with
each other, suggesting a physiological relationship (28,93,101). The correlation between
BRS and different measures of HRV has been moderate, but not perfect (correlation
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coefficient 0.4 - 0.6), suggesting some influence of a common physiological background
(101).

The Valsalva (69,70,102), phenylephrine (69,72), cross-spectral (72) and neck suction
(56,59) techniques for BRS assessment have been highly reproducible over short periods.
The values obtained from the neck chamber technique have been shown to be
reproducible for up to 10 weeks in healthy subjects (56). Also, no significant differences
were found between values obtained from two phenylephrine tests up to 15 months apart
in hypertensive subjects (11). The intercorrelations between the values for BRS obtained
with different techniques vary from 0.02 to 0.9 (60,69), suggesting that these techniques
measure different aspects of baroreceptor function.

To summarize, the available data suggest stability and persistence of BRS and HRV
measures derived from 24-hour recordings in healthy subjects and patients with cardiac
diseases. 24-hour indices of HRV appear to be ideal variables to assess intervention
therapies. For large-scale population studies, short-term recordings (5-15 minutes) give
important prognostic information and have reasonable reproducibility (28,103).

2.2. Cardiovascular autonomic regulation in systemic hypertension

2.2.1. The role of autonomic function in the pathogenesis of systemic
hypertension

The observations on hyperkinetic hemodynamics, including increased venous tone,
increased vascular resistance, high stroke volume, high cardiac output and fast HR in the
early phases of systemic hypertension, have stimulated research on the role of the
autonomic nervous system in the development of hypertension (104). An increased
sympathetic tone in borderline hypertension has been documented using several
experimental methods: plasma norepinephrine levels have been elevated (105,106),
direct microneurographic recordings from fibers of the peroneal nerve have showed
increased sympathetic activity (107), norepinephrine spillover rates have increased (108),
and spectral analysis of HRV has suggested sympathetic predominance (9,109). The
early findings of Juliuset al. (110) and Korneret al. (111) and more recent observation
using spectral analysis of HRV (112,113) suggest that increased sympathetic tone is
coupled with reduced parasympathetic activity in borderline hypertension. Since both
components of neural cardiovascular autonomic control are abnormal, and the change in
the tone of these two components is usually reciprocal, it has been suggested that the
primary abnormality is of central origin and psychosomatic factors may thus play a role
(22). A decreased HF component of HRV has been reported in numerous studies of
hypertensive patients (9,112,114). Guzzettiet al. reported an increased LF component
(expressed as normalized units), suggesting sympathetic predominance in patients with
early stages of human hypertension (9), a finding supported by an earlier experimental
study (34).

There is substantial evidence to support the assumption that there could be a causal
relationship between baroreflex dysfunction and hypertension (115). Animal studies in
the 1930s and 1940s showed that the combined section of the carotid sinus and aortic
nerve followed by persistent elevation in BP (116,117). Also, destruction of baroreceptor
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inputs by a lesion in thenucleus tractus solitariiresulted in sustained hypertension in
experimental animals (118). Gordonet al. showed that decreased BRS precedes the onset
of hypertension in the rat model (119). In humans, the pioneering studies by Bristowet
al. (77), Takeshitaet al. (12), Korneret al. (111), Eckberg (19) and Manciaet al. (120)
documented subnormal baroreflex responses in patients with mild BP elevation,
suggesting the possibility that baroreflex dysfunction may cause human arterial
hypertension. In a recent study, Grassiet al. showed that diminished BRS in untreated
hypertensives is associated with a significant increase in muscle sympathetic activity
(microneurography) paralleling the progressive increase in BP (121). However, in
patients with secondary hypertension (renovascular or pheochromocytoma), muscle
sympathetic activity was not increased despite the diminished BRS.

The aforementioned role of autonomic cardiovascular regulation in the pathogenesis
of hypertension is also supported by studies of normotensive offspring of hypertensive
patients. Noll et al. first demonstrated that sympathetic nervous system activity, as
assessed by plasma norepinephrine and muscle microneurography recordings, was
increased in the offspring of hypertensive patients (122). Furthermore, Parmeret al.
showed that normotensive subjects with a family history of hypertension have depressed
BRS compared with subjects without a family history of hypertension (123). Further
evidence of an autonomic influence in the pathogenesis of arterial hypertension comes
from the prospective part of the ARIC Study, which detected an inverse relationship
between measures of HRV and the cumulative incidence of hypertension suggesting
diminished HRV as a potential risk factor of hypertension (124). Similar results were
obtained in the study on the Framinghampopulation: after a 4-year follow-up, 244
subjects out of the originally normotensive population of 1434 subjects developed
hypertension. In this study, the LF component of HRV was independently associated with
a greater risk for developing hypertension in men but not in women (125).

2.2.2. Heart rate variability and baroreflex sensitivity at the later stages
of established hypertension

It has been estimated that only 30% of the patients with borderline hypertension progress
to permanent established hypertension (22). At the first glance, studies on the role of the
autonomic nervous system in chronic hypertension yield somewhat controversial results.
Plasma norepinephrine levels, norepinephrine spillover rates, cardiac output and HR
have not been elevated in long-standing hypertension (22). However, it seems that there
is a hemodynamic state development from a hyperkinetic state to a state of increased
vascular resistance (126). Neurogenic factors could be important in this transition,
although the absolute sympathetic tone is not increased and may even be decreased in
long-standing hypertension (22,85). At least three potential mechanisms by which the
autonomic nervous system may contribute to the long-term regulation of arterial BP and
hypertension have been suggested (127): 1) the renal sympathetic nerves promote
antinatriuresis and the release of renin to plasma, in addition to increasing renal vascular
resistance; 2) the sympathetic nervous system can influence the vascular membrane
properties, resulting in augmented vasoconstrictor responsiveness to norepinephrine; and
3) the sympathetic nervous system, similarily to the RAS, promotes the growth of
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vascular and cardiac muscle, which, in turn, could maintain high BP.
There has been only limited information available on the presence of abnormalities in

HRV and BRS in patients with long-standing hypertension. Furthermore, many previous
studies have not adjusted their results for the possible differences in baseline BP, age or
BMI (8-10,114,120,128,129), which all have effects on autonomic cardiovascular
regulation. In the cross-sectional part of the ARIC study, patients with hypertension had
decreased HRV measured as the SDNN, total power or the HF component of power
spectra. The LF component of HRV was not different compared to healthy controls, but
HRV was measured from 2 minutes recording, which may partly contribute to the
findings (124). Also, Chakkoet al. (128) showed that all measures of HRV are reduced
in medicated hypertensive patients with left ventricular hypertrophy (LVH). A recent
study on the Framinham population showed in a cross-sectional analysis, that all the time
and frequency domain measures of HRV are lower in hypertensive compared to
normotensive subjects (125).

Experimental studies have documented that, in chronic hypertension, baroreflex is
reset towards a higher BP range and operates with a reduced sensitivity (130). The
advantage of resetting is that the baroreceptor pressure-activity curve shifts in the
direction of high pressure to function at a new set point (130,131). This allows the
baroreceptors to buffer fluctuations of BP at a higher level effectively because the new
pressure set point remains on the steep portion of the reset pressure-activity curve.
However, resetting provides positive feedback in the control of BP and thus helps to
maintain an elevated BP level and results in a vicious circle (130). At the same time the
sensitivity of the baroreflex (the slope of the pressure-sensitivity curve) decreases and the
magnitude of this impairment is related to the patients BP level (115).

There are several potential mechanisms to explain the decreased BRS in systemic
hypertension (132): 1) decreased vascular distensibility and endothelial damage
associated with atherosclerosis and aging (133-135), 2) transcellular ionic exchanges
affecting the vascular wall sodium content (136,137), 3) alterations in the release of
various factors from endothelium (132), 4) increase of circulating hormones, e.g.
norepinephrine (106,134), angiotensin II (138,139) or aldosterone (140,141), 5)
enchanced central RAS and central action of circulating angiotensin II (142) and
aldosterone (143). Multiple mechanisms are most likely involved, and abnormalities in
these systems could provide a basis for the genetic component of BRS impairment in
chronic hypertension.

2.2.3. Influence of antihypertensive therapy on heart rate variability and
baroreflex sensitivity

Antihypertensive therapy may augment cardiovascular autonomic regulation in multiple
ways. There is evidence that beta-blockers could directly improve cardiovascular
autonomic regulation in hypertensive and normotensive patients (144-150). Also, the
reduction of the circulating levels of angiotensin II and aldosterone by angiotensin-
converting enzyme inhibitors could augment BRS and increase HRV, which has been
observed in most (151-155), but not all studies (150). In addition to having direct effects,
antihypertensive therapy could reverse the structural changes in the large arteries and
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reverse LVH, which are known to be associated with hypertension and attenuate BRS
(128,133,156,157). High BP in itself deteriorates cardiovascular autonomic control, and
BP reduction could improve BRS and HRV (19,77,156,158).

Apart from beta-blockers and angiotensin-converting enzyme inhibitors, there is only
limited information on the effects of other antihypertensive drugs on cardiac autonomic
function. Calcium blockers may reset the baroreflex toward lower BP values (159), but
their effects on BRS have been neutral (160) or they may augment BRS (161). Even less
is known about the effects of diuretics on HRV or BRS. However, diuretics might be
expected to attenuate baroreflex function, because they induce salt depletion and could
thereby activate RAS, at least when used as monotherapy in higher doses (162,163).

Oral pirenzepine, intravenous atropine and transdermal scopolamine have paradoxic
vagomimetic (increased parasympathetic) effects in low doses and have been shown to
increase BRS (164,165). Vesalainenet al. showed that low-dose scopolamine not only
improves BRS and augments the HF component of HRV, but also decreases BP in
patients with mild hypertension (166). It has been shown in animal experiments,
however, that despite the beneficial effect of scopolamine on HRV, this effect cannot be
attributed to a decreased risk for ventricular tachycardia due to acute myocardial
infarction in association with high sympathetic activity (167). This suggests that the
modification of HRV by drug interventions may not translate directly into cardiac
protection.

2.2.4. Other determinants of heart rate variability and baroreflex
sensitivity in systemic hypertension

Previous studies have clearly shown that both HRV and BRS are related to several
cardiovascular risk factors (14,15,17): 1) There are significant sex-related differences in
HRV and BRS (168-173), which must be taken into consideration when interpreting the
results of different studies. Although the mechanisms are unknown, the lower BRS in
women may contribute to the observed poorer short-term prognosis of women who have
experienced an acute myocardial infarction (174,175), 2) Age is another important
determinant of HRV and BRS, and both of these indices decrease with increasing age
(11,176-178). Reduced arterial compliance, progressive loss of complexity in the
dynamics of all physiological systems and changes in autonomic innervation and
responsiveness may contribute to age-related changes in autonomic regulation (133,179).
3) Obesity and physical activity influence HRV (14,38,180-182) and BRS (183,184). It
has been suggested that enhanced sympathetic activity may play a role in the maintenance
of elevated BP in obese subjects (185). 4) Smoking has been found to impair autonomic
function (14,15,186). 5) Finally, other disease states often related to systemic
hypertension may modify cardiovascular autonomic regulation. HRV is known to be
reduced in diabetic subjects (187,188), and it seems that the serum insulin level
contribute to HRV (17). Coronary artery disease with and without myocardial infarction
(78,189-191) and its most common risk factor, high cholesterol (14,15,17), may impair
HRV and BRS. Patients with heart failure have shown prominent sympathoexcitation
(192,193) and parasympathetic withdrawal (78). These alterations are related to
abnormal HRV (188,194) and BRS (195), both of which may also have prognostic value,
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at least in patients with mild to moderate heart failure (194,196,197).

2.2.5. Prognostic significance of heart rate variability and baroreflex
sensitivity

The first observation suggesting that a lack of respiratory sinus arrhythmia predicts in-
hospital cardiovascular mortality after acute myocardial infarction was published in 1978
(198). Since then, these findings have been confirmed by several investigators (7).
Kleiger et al. (3) showed in a prospective multicenter study that HRV measured from 24-
hour Holter recordings two weeks after acute myocardial infarction is a powerful
independent risk predictor for the first four years of follow-up. Impaired BRS measured
soon after myocardial infarction is also a marker of high mortality (7,18,199) and
vulnerability to ventricular fibrillation (200), and in combination with HRV, it could be
useful in risk stratification after myocardial infarction. A prospective multicenter study of
1284 patients with a recent (<28 days) myocardial infarction (ATRAMI) showed that
both SDNN <70 ms and BRS <3 ms/mmHg carried a significant multivariate risk of
cardiac mortality (3.2 and 2.8 risk ratio, respectively) (18). Numerous small studies have
suggested that HRV and BRS may also have prognostic value in patients with early
stages of heart failure (194,195).

The association between decreased HRV and an increased risk of mortality has also
been observed in various other populations. An epidemiological survey of patients
referred for Holter monitoring for various reasons suggested that low HRV is associated
with an increased risk of sudden death (5). A study of the Framingham cohort showed
that measures of HRV are able to predict all-cause mortality in elderly subjects (4).
Dekker et al. confirm that decreased HRV predicts all-cause mortality in middle-aged
population (103). Another previous prospective study of elderly subjects suggested that
especially long-term measures of HRV are not only related to cardiac death but also
involve an increased risk for other, e.g. cerebrovascular, events leading to death (6). The
prognostic role of HRV or BRS has not been studied in hypertensive populations, but
hypertensive subjects with depressed BRS are more likely to develop hypertensive
cardiovascular disease than subjects with preserved BRS (19).

Despite the known clinical importance of depressed HRV or BRS, the
pathophysiological link between impaired autonomic cardiovascular control and cardiac
mortality is unknown. Animal models have suggested that decreased vagal and increased
sympathetic activity with experimental infarction predispose to ventricular fibrillation
(201). Changes in HRV have also been found to precede episodes of ventricular
tachycardia in humans (202,203), and some authors have suggested that especially the
VLF and LF components of HRV increase the risk of spontaneous arrhythmic events in
patients with coronary artery disease (32,204-206). Also, it has been shown that both
BRS and HRV measured after myocardial infarction predict the occurrence of
postinfarction ischemia-induced ventricular fibrillation (207), but at variance with HRV,
BRS also predicts postinfarction ischemia-induced ventricular fibrillation when measured
before myocardial infarction in experimental models (207,208). This finding suggests
that measures of vagal reflexes are more important than measures of vagal tone in
identifying animals at high risk in the absence of acute ischemia or recent myocardial
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infarction (209). This concept is supported by the observation that parasympathetic
activity is an important modulator of low-frequency oscillations of HRV (52).

2.3. Renin-angiotensin-aldosterone system and autonomic nervous
system

The RAS plays an important role in the physiological regulation of cardiovascular
functions. It regulates sodium balance and intravascular volume and contributes to the
development and maintenance of various forms of hypertension (210,211). In addition to
circulating RAS, there is evidence of the existence of local RAS in a wide variety of
tissues including heart, brain, vascular smooth muscle and several endocrine glands. At
least in certain situations, such as severe heart failure, angiotensin II may be generated by
local tissue enzymes, such as chymases (212). The extensive interactions between RAS
and the autonomic nervous system, are summarized in Fig. 2 (2,21,22).

The renal enzyme renin is produced and stored in the juxtaglomerular cells located in
the wall of the afferent renal arteriole and released by the juxtaglomerular apparatus into
the circulation, where it cleaves angiotensin I from angiotensinogen (AGT). AGT is
synthesized in the liver under control of estrogen, glucocorticoids, thyroid hormones and
angiotensin II. Angiotensin I is rapidly cleaved by the angiotensin-converting enzyme
(ACE) to form angiotensin II, which is the end product and the major effector molecule
in RAS. Angiotensin I is not known to have physiological actions.

Renin release is mainly stimulated by three factors: 1) Factors that reduce volume or
lower the plasma sodium or chloride levels stimulate renin release. Changes in sodium
chloride levels are detected by themacula densa, which consists of tubular epithelial
cells at the distal end of Henle’s loop (213). 2) Decreases in renal perfusion pressure, as
with dehydration or hypotension, stimulate the renal baroreceptors, which, in turn,
stimulate renin release. Cardiopulmonary mechanoreceptors have also been shown to
have an important role in the reflex regulation of renin in humans (22). 3) Renal
sympathetic nerves secrete norepinephrine, which stimulates renin release viaβ-
receptors. Propranolol blocks this mechanism and decreases renin release (214). On the
contrary, salt loading, angiotensin II, antidiuretic hormone and increased BP inhibit renin
secretion. High plasma renin activity has been observed in some hypertensive subjects
(105). The high-renin state in these patients seems to reflect the generalized increase of
sympathetic drive, which seems to be the primary event and responsible for excessive
vasocontriction via stimulation ofα-receptors (22). The rapid response of renin release
into circulation in experimental models suggests that the RAS may play an important role
in the minute-to-minute regulation of BP (215) and may also influence the VLF
oscillation of HR (27,216).

In addition to renin, ACE is another key enzyme in the RAS (217). ACE is localized
in endothelial cells distributed throughout thebody, particularly in the lungs and kidneys.
It catalyzes the conversion of angiotensin I to angiotensin II, but apart from angiotensin I,
ACE also cleaves other peptides, most importantly bradykinin, which is a natriuretic and
vasodilating peptide. The effects of bradykinin are potentiated by ACE inhibitors, but the
clinical significance of this effect in the treatment of hypertensive patients is still
unknown (218). The reduction of circulating levels of angiotensin II and aldosterone by
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ACE inhibitors has been shown to augment BRS and to increase HRV (151-153).
Angiotensin II is a potent vasopressor peptide with numerous actions (219): 1) it is a

potent coronary and systemic vasoconstrictor with direct effects on the smooth muscle of
arterioles; 2) it inhibits renin release; 3) it is a potent stimulator of aldosterone
biosynthesis and release; 3) it has trophic influences on smooth muscle, cardiac myocytes
and other cells of the body; 4) it augments the release of antidiuretic hormone and
stimulates thirst through its effects on the central nervous system; 5) it interacts with the
sympathetic nervous system and the baroreceptor reflexes to regulate BP (21).

As discussed above, the sympathetic nervous system controls renin release and is thus
one of the factors that ultimately determine the circulating levels of angiotensin II. There
are angiotensin II receptors located in the central structures, where angiotensin II acts to
enhance sympathetic outflow. Angiotensin II also has an ability to stimulate the release of
cathecolamines from adrenal medulla. Furthermore, it has stimulatory effects on the
sympathetic ganglia, and it could increase sympathetic activity by facilitating
neurotransmission at the adrenergic nerve terminals directly and indirectly by enhancing
the synthesis, release and reuptake of norepinephrine. Angiotensin II has been shown to
attenuate baroreflex function (139,163,220). Many of the central cardiovascular effects
of angiotensin II are mediated by thearea postrema, an area of the brain lacking the
blood-brain barrier and particularly sensitive to influences of the circulating
concentrations of angiotensin II (221). This organ is located in themedulla oblongata
and has interconnections with the nucleus oftractus solitarius, which is important in the
baroreflex control of circulation (222-224).

Aldosterone is synthesized in thezona glomerulosaof the adrenal cortex, where the
last steps of aldosterone biosynthesis are mediated by a single enzyme, aldosterone
synthase (CYP11B2) (210,211). Aldosterone is the most important mineralocorticoid
hormone, whose main function is to promote renal sodium reabsorption in exchange for
potassium. When the sodium intake is reduced or the effective plasma volume shrinks,
the increased angiotensin II stimulates aldosterone secretion from the adrenal cortex,
which leads to renal retention of sodium and water. An increased potassium content is
another important stimulus for aldosterone production. Apart from the renal tubulus,
aldosterone is a potent stimulator of the sodium pump in many other tissues, which may
partly explain its ability to alter the baroreflex function (140). Aldosterone may act
centrally to affect the global baroreceptor function, or it could act peripherally or have a
direct effect on the carotid sinus through an endothelial cell mechanism (140). The
actions of mineralocorticoids involve binding of aldosterone to specific intracellular
receptors to induce subsequent specific protein synthesis. These receptors are found in
epithelial tissues, but also in most areas of brain (143). Interestingly, progesterone has an
equal affinity for mineralocorticoid receptor compared to aldosterone (225), and sex
hormones may thus modulate the effects of aldosterone at the receptor level (226-228). In
addition to having effects via the mineralocorticoid receptors, aldosterone has more rapid
direct effects on the intracellular electrolyte (Ca2+) concentration in vascular smooth
muscle cells (229). This effector system is also a potential mechanism for immediate
effects of aldosterone on baroreceptor discharge (140).
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2.4. Genetics of the renin-angiotensin-aldosterone system

Approximately 30-50% of the interindividual variation in BP is attributable to genetic
factors, but the genes contributing to BP regulation are mostly unknown (230). The RAS
seems to be involved in the pathophysiology of hypertension by regulating BP as well as
the fluid and electrolyte balance. Consequently, each gene encoding for a component of
the RAS (such as renin, AGT, ACE, aldosterone synthase and angiotensin II receptors)
represents a potential candidate in the etiology and maintenance of hypertension (231).
The genes of all these main components of RAS have been previously cloned.

The available markers of the renin gene have not been linked with cardiovascular
diseases (231). There is also limited information available about the association between
the angiotensin II receptor gene and cardiovascular pathologies (232).

2.4.1. Polymorphisms of the angiotensinogen gene

The AGT gene is located on chromosome 1 at q42-43 and consists of five exons and four
introns (233). Among the 15 known molecular variants of the AGT gene, M235T has
been shown to associate with several cardiovascular pathologies. The mutation is located
in exon 2. Although the mutation is not in the protein coding sequence, the plasma AGT
concentration associates with the T235 variant in such a way that subjects with the TT
genotype have the highest concentration (233). On the other hand, AGT levels appear to
be higher in young people with a genetic predisposition to high BP (234), suggesting the
significance of AGT for the development of hypertension.

From the theoretical point of view, the M235T variant of the AGT gene (TT
genotype) leads to increased plasma or tissue AGT, which could cause a small increase in
angiotensin II, accounting for a slight overreactivity of the RAS in response to sodium
and other environmental factors. This may, in turn, promote sodium retention as a result
of chronic stimulation of aldosterone secretion, vascular hypertrophy and increased
peripheral vascular resistance as a result of increased angiotensin II or abnormal
stimulation of the sympathetic nervous system (233). Genetic linkage studies support the
role of the AGT gene or some other gene located close to it, in linkage disequilibrium, in
the regulation of BP (231). The association between the M235T variant of the AGT gene
and hypertension has been shown in some studies (233) and also in meta-analysis (235).
The inconsistency between the studies may be due to differences in the genetic
background, homogeneity and environmental circumstances of the study populations
(236). Notably, no association between the M235T polymorphism of the AGT gene and
BP was found in a random sample of hypertensive and control subjects matched for age
and sex (237). The regulation of AGT synthesis is strongly dependent on estrogens,
which may also partly explain the controversial result obtained from studies not matched
for sex (226,238).
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2.4.2. Polymorphisms of the angiotensin-converting enzyme gene

The ACE gene is located on chromosome 17 at q23 and contains 26 exons (239). The
ACE gene has two allelic forms, depending on the presence (insertion, I) or absence
(deletion, D) of a 287 base-pair DNA sequence. The gene is highly expressed in
endothelial cells and in the heart, and the level of ACE in plasma and inside cells is
modulated by the I/D polymorphism of the gene (239). Subjects with the DD genotype
have the highest plasma ACE levels (240), but the I/D polymorphism has not been
associated with the plasma concentration of angiotensin II (231).

Two previous studies (241,242) have reported an association between the I/D
polymorphism and hypertension. However, three random population-based studies,
which avoid some of the critical points raised above concerning the former studies, have
failed to show any association between ACE polymorphism and hypertension (237),
LVH (243) or ischemic heart disease (244). Two recent studies suggest that the ACE DD
genotype (245) or variation in a gene close to the ACE gene (246) may influence BP in a
sex-specific manner, e.g. differences were observed only in men but not in women.
Differences in the populations, the sampling methods and the characterization of
phenotypes, and also the publication bias may contribute to the apparently contradictory
results (231). Therefore, no definite conclusions concerning the role of ACE
polymorphism in cardiovascular diseases has crystallized based on these studies.

2.4.3. Polymorphisms of the aldosterone synthase gene

Aldosterone synthase (CYP11B2) is responsible for the final step of aldosterone
biosynthesis in thezona glomerulosaof the adrenal cortex (247). The gene of CYP11B2
is located on chromosome 8 at q22 (Fig. 5). It is adjacent to a closely related gene that
encodes CYP11B1 (11β-hydroxylase), an enzyme required for cortisol biosynthesis
(247,248). Aldosterone deficiency can be caused by mutations in the CYP11B2 gene
(211,249), whereas an inherited form of hypertension, glucocorticoid suppressible
hyperaldosteronism, is caused by a genetic recombination between CYP11B1 and
CYP11B2, which increases the expression of CYP11B2 and leads to inappropriate
secretion of aldosterone (250,251).

Several frequently occurring polymorphisms have recently been identified in the
CYP11B2 gene (248). The relative orientations of the CYP11B2 and CYP11B1 genes
and a schematic representation of two of these polymorphisms of the CYP11B2 gene are
illustrated in Fig. 5. One polymorphism is located in the promoter region of CYP11B2,
344 nucleotides before the start of the protein-coding sequence. This position can be
either a cytocine (-344C) or a thymidine (-344T). Persons homozygous for C,
heterozygous for C and T, or homozygous for T are referred to as having the genotypes -
344CC, -344CT or -344TT, respectively. The second polymorphism is in the second
intron of CYP11B2; in some individuals, the usual sequence of this intron has been
largely replaced by the sequence typically found in the related gene, CYP11B1. Such
replacement is termed gene conversion, and the alleles at this locus are referred to as 1
(conversion) and 2 (no conversion). It has been shown that there is significant linkage
disequilibrium (e.g. nonrandom associations of alleles) between these two polymorphic
loci of the CYP11B2 gene (252). Recently, Pojogaet al. reported data indicating that the
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plasma aldosterone concentration is dependent upon the -344C/T genotype in
hypertensive individuals, being clearly highest in subjects homozygous for the -344C
allele (253), but contradictory findings have also been published (254).

Thus far, there is limited information available concerning the effects of CYP11B2
gene variation on cardiovascular structure and function (211,248). A recent study in
young adults free of clinical heart disease suggested that the -344CC genotype is a
powerful predictor of increased left ventricular mass (LVM) and relatively impaired left
ventricular diastolic function (252).

10 kb

1 kb

CYP11B2 CYP11B1

-344
T

C

intron 2
1 (conversion)

2 (no conversion)

Fig. 5. Upper panel: Relative orientations of the CYP11B2 (aldosterone synthase) and
CYP11B1 (11ββββ-hydroxylase) genes. The arrows indicate the direction of transcription, and a
scale of 10,000 bases (10 kb) is marked. Lower panel: schematic representation of the
CYP11B2 gene showing the locations of polymorphisms at the -344 position in the promoter
and in the second intron (an intervening region that is spliced out of mRNA). The protein-
encoding regions in the gene are indicated by boxes. A scale of 1000 bases (1kb) is marked.



3. Aims of the study

The purpose of the present work was to examine the potential abnormalities in autonomic
cardiovascular control in patients with drug-treated hypertension compared to control
subjects. A particular purpose was also to evaluate the determinants of HRV and BRS in
a middle-aged population. The specific aims were:

1. to compare the measures of HRV in medicated hypertensive patients and control
subjects and to assess HRV determinants in these populations (I),

2. to assess whether BRS is impaired in patients with drug-treated hypertension
compared to control subjects, and to assess BRS determinants in these populations (II),

3. to study the possible association between BRS and candidate genes for cardiovascular
diseases encoding components of the RAS in two apparently healthy populations (III),
and

4. to evaluate whether it is possible to reverse impaired HRV and BRS by intensification
of antihypertensive therapy in patients with long-standing hypertension (IV).



4. Subjects and methods

4.1. Populations

4.1.1. Population 1

The Oulu Project Elucidating the Risk of Atherosclerosis (OPERA) is a population-
based, epidemiological case-control study of cardiovascular risk factors (237). The
hypertensive cohort consisted of 300 men and 300 women randomly selected from the
register for the reimbursement of antihypertensive medication maintained by the Social
Insurance Institute. At the time of randomization (September 1, 1990), the patients were
from 40 to 59 years old and were entitled to a higher reimbursement class of
antihypertensive medication endorsed later than August 1980. The randomization was
age-stratified, i.e. for each year of birth (from 1931 to 1950), 15 hypertensive men and 15
women were selected. For each hypertensive subject, an age- and sex matched control
subject was randomly selected from the register covering the whole population of the city
of Oulu in Northern Finland (106,500 inhabitants), excluding subjects entitled to a refund
for antihypertensive medication. At the visit in the research laboratory of the Department
of Internal Medicine, anthropometric measurements (weight, height, waist, hip) were
performed and BP was measured. ECGs were evaluated by using the Minnesota Code
(255). Past and current medical history, smoking habits, alcohol consumption and
physical activity were assessed using a standardized health questionnaire (256), and
leisure-time physical activity groups (1-5) were established (257). BMI was calculated by
dividing weight (kg) with the square of height (m2). The women were classified as
menopausal if at least six months had passed since their latest menstruation.
Echocardiography was performed during a separate visit.

For the present study, all subjects were invited for an ambulatory ECG recording of 45
minutes, Valsalva maneuver, cross-spectral analysis and 24-hour ambulatory BP
measurement.
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4.1.2. Population 2

The reproducibility of the genetic association study (III) was tested in another
independent population sample consisting of 89 subjects. Originally, the Central
Population Registry selected a random sample of 120 subjects from a cohort of all
persons living in Helsinki and born in 1954. The characterization of this study group
included an echocardiographic examination of the left ventricle, laboratory tests for
blood lipids and an assessment of habitual physical activity, smoking and ethanol
consumption by 2-month daily recording. The set of tests was completed in 1990 (258).

The Valsalva tests with continuous BP recordings had been performed and stored on
computer discs and analyzed, for the present study (III), in a blinded fashion by the Oulu
investigators.

4.2. Study designs

The designs of the studies were approved by the Ethical Committees of the University
of Oulu and the University of Helsinki (III), and all subjects gave their informed consent.
The subjects and study designs are shown in Table 1.

Table 1. Subjects and methods in the present study

Design Methodology Setting N

I Randomized case-control HRV in hypertensive and control men 356

II Randomized case-control BRS in hypertensive and control subjects 494

III Cross-sectional BRS and variation in genes encoding RAS in healthy

subjects

315 +

66

IV Double-blind randomized parallel

group trial

Effects of combination antihypertensive therapy on

HRV and BRS in patients with poor BP control on

monotherapy

33

N=number of subjects in the final analyses of the studies

Design 1. For study I, measures of HRV were compared in normotensive and
hypertensive males of the Population 1. The possible determinants (demographic
variables, cardiovascular risk factors and life style) of HRV were analyzed. Patients with
symptoms, medication, or ECG evidence of coronary artery disease, atrial fibrillation, or
technical artefacts or frequent ectopic beats were excluded from the analyses. The final
analyses included data from 188 normotensive and 168 hypertensive men.

Design 2.For study II, BRS was assessed in the subjects of Population 1. BRS was
compared in normotensive subjects and hypertensive patients receiving antihypertensive
medication, and the determinants of BRS were analyzed. Hypertensive subjects with no
medication and control subjects with hypertensive 24-hour BP values (>142/91) or on
antihypertensive treatment were excluded. Also, subjects with diabetes mellitus, previous
myocardial infarction, atrial fibrillation, or frequent ectopic beats or inadequate Valsalva
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maneuver were excluded. The analyses involved 214 hypertensive and 280 normotensive
subjects.

Design 3. For study III, the control subjects of Population 1 were studied for possible
associations between BRS and polymorphisms in the genes encoding RAS. The
candidate genes for potential risk loci for cardiovascular diseases such as angiotensin-
converting enzyme (ACE), angiotensinogen (AGT) and aldosterone synthase
(CYP11B2), were studied. Subjects with diabetes mellitus, coronary artery disease based
on symptoms, medication, or ECG , atrial fibrillation, frequent ectopic beats, inadequate
ambulatory BP monitoring or inadequate Valsalva maneuver were excluded, after which
a total of 315 individuals (161 women and 154 men, 60% of the original cohort)
remained for analyses.

The study was repeated in an independent population sample (Population 2) of
younger healthy subjects completely free of cardiac diseases. The subjects in Population
2 were genotyped for ACE and CYP11B2 polymorphisms. DNA was available for
genotyping in 84 subjects, and the recordings of the Valsalva maneuver were acceptable
for BRS determination in 70 subjects. Sixty-six subjects (37 women and 29 men) had
both types of data available for statistical analyses.

Design 4.In order to evaluate whether it is possible to affect BRS and the measures of
HRV by intensification of antihypertensive therapy, 54 patients with poor BP control on
monotherapy and 24-hour BP > 140/90 were screened for study IV (34 subjects from the
hypertensive cohort of Population 1 and 20 subjects from an outpatient clinic). Patients
with, renal, hepatic, neurologic, endocrine, or cardiac diseases including atrial fibrillation
or frequent ectopic beats, and patients with systolic BP >220 mmHg were excluded.The
patients were randomized for 2 weeks of monotherapy with either 95 mg metoprolol
(Group 1) as a slow-release preparation (Seloken Zoc®, Suomen Astra, Finland) or 20
mg of enalapril (Renitec®, MSD)(Group 2). If, at the end of this period on randomized
monotherapy, the mean of three sitting values of office BP measured with a mercury
sphygmomanometer was > 140/90, the patient was allocated to combination treatment for
10 weeks (n=33). The dose was titrated according to the study design schema to reach the
target BP (IV, Fig. 1). The patients randomized to receive metoprolol, continued with a
combination therapy of metoprolol and a the long-acting calcium antagonist felodipine
(n=16) , while those who started with enalapril continued with enalapril combined with
hydrochlorothiazide (n=17). All drugs were administered once daily at about 9 AM after
breakfast. No other medications affecting BP were allowed. Standard laboratory
measurements and a brief medical history were documented, 12-lead ECG including
calculation of Cornell index (RaVL+ SIII ) and a physical examination was done (IV, Fig.
1). All analyses were performed without knowledge of the characteristics or other data of
the patient.

4.3. Blood pressure recordings

An automatic oscillometric recorder (Dinamap® model 18465X, Criticon Ltd., Ascot,
UK) was used for the office BP measurements (I, IV). The subjects were seated for at
least 5 minutes, after which BP was measured three times at one-minute intervals. The
mean of these measurements were used for the analyses. In the design III, BP was
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measured similarly to the prosedure used in Population 2, but with a sphygmomanometer
(Korotkoff phases I and IV).

Ambulatory BP (II,III,IV) was recorded using the fully automatic SpaceLabs 90207
oscillometric unit (SpaceLabs Inc., Redmond, Washington, USA), which was set to take
a measurement every 15 minutes from 4:00 AM till midnight and every 20 minutes from
midnight till 4:00 AM. The accuracy and reproducibility of the BP readings obtained
with this device have been established previously (259,260). The proper positioning of
the cuff in each case was ensured by means of the similarity (difference < 5 mmHg)
between four SpaceLabs BP measurements and four auscultatory readings using a Y-
connector. The subjects were asked to relax their arm during the measurement. Values of
systolic BP <70 or > 250 mmHg, diastolic BP < 40 or > 150, and HR < 40 or >150 beats
per minute were automatically excluded from the analysis. Fewer than 3% of the BP
readings were rejected as artefacts on the basis of these criteria. The cutoff point for poor
BP control was chosen to be a 24-hour BP of > 142/91 mmHg (261).

4.4. Echocardiographic methods

A Hewlett-Packard ultrasound color system Sonos 500 (Hewlett-Packard Company,
Massachusetts, USA) was used for the echocardiographic examinations. All
examinations were performed by one experienced cardiologist, who was blinded to the
other data and grouping of the study subjects. M-mode measurements were obtained
under 2-D guidance according to the recommendations of the American Society of
Echocardiography (262). A standard M-mode study was recorded and analyzed
(263,264). The LVM was calculated using the formula of Troyet al. (265) (I) or
Devereuxet al. (266) (II) and the left ventricular mass index (LVMI) by dividing the
difference between the LVM values by body surface area (determined by Dubois
equation (267)). Fractional shortening was calculated by dividing the difference between
the left ventricular internal dimensions in diastole and systole by the diastolic dimension
and then multiplying it by 100. Transmitral flow velocities were measured by pulsed
Doppler at the tips of the mitral leaflets from an apical transducer position, and the ratio
of maximum early and late diastolic filling were calculated (IV).

4.5. Laboratory methods

4.5.1. Biochemical analyses

All the laboratory test samples were obtained after an overnight fast. The routine clinical
laboratory tests, including an oral glucose tolerance test (75g, plasma glucose determined
at 0, 60, 120 minutes) were carried out in the Central Laboratory of the Oulu University
Hospital, and the lipid analyses were made in the research laboratory of the Department
of Internal Medicine by using standard methods (I,II,III). For study III, laboratory
analyses of Population 2 were carried out in the Laboratory of the Helsinki University
Central Hospital.
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4.5.2. DNA analyses and genotyping subjects (III)

DNA was extracted from whole blood. The insertion/deletion (I/D) polymorphism in
intron 16 of the ACE gene (Populations 1 and 2) and the methionine/threonine
polymorphism in codon 235 of AGT (M235T) (Population 1) were detected by
polymerase chain reaction (PCR) using the conditions described previously (237). For
the ACE polymorphism, the oligonucleotide sequences of the primers were 5’-
CTGGAGACCACTCCCATCCTTTCT-3’ (sense) and 5’-GATGTGGCCATCACAT-
TCGTCAGAT-3’ (antisense) (268). For the AGT polymorphism, the oligonucleotide
sequences of the primers were 5’-CAGGGTGCTGTCCACACTGGACCCC-3’ (sense)
and 5’-CCGTTTGTGCAGGGCCTGGCTCTCT-3’ (antisense) (269).

The subjects were also genotyped by PCR for two recently discovered polymorphisms
in the aldosterone synthase (CYP11B2) gene (Population 1 and 2) (248,252). The
structure and orientation of the CYP11B2 gene in relation to CYP11B1 and the two
polymorphisms of CYP11B2 are displayed in Fig. 5. Segments of CYP11B2 were
amplified from approximately 20 ng of each DNA sample by the PCR in 20µl reactions
containing 0.2 U Taq DNA polymerase, 1 x concentration of the supplied buffer, 0.2 mM
of each deoxynucleotide triphosphate, and 10 pmol of each primer. After initial
denaturation at 94°C for 5 min, a manual hot start at 80°C was employed, followed by 35
cycles at 94°C for 1 min, annealing at 67 or 68°C for 1 min, and extension at 72°C for 2
min.

The subjects were genotyped for the -344 promoter polymorphism using the primers
CAGGAGGAGACCCCATGTGAC (sense) and CCTCCACCCTGTTCAGCCC
(antisense). Fiveµl from each reaction (consisting mainly of a 537 bp product) was
digested with 10 U of restriction endonuclease Hae III in the supplied buffer for 2 h at
37°C. The reactions were subjected to electrophoresis in 2.5% agarose gels. The -344T
allele lacks the Hae III site (GGCC) present in the -344C allele, and the -344T alleles are
therefore detected as Hae III fragments of 273 bp and the -344C alleles as fragments of
202 bp (plus smaller fragments in each case). The subjects were typed for a gene
conversion polymorphism in the second intron of CYPIIB2 by allele-specific PCR. Both
reactions used the same antisense primer, AGGAACCTCTGCACGGCC. The reactions
to detect allele 1 with the gene conversion (1013 bp product) also contained the primer
CAGAAAATCCCTCCCCCCTA (67°C annealing temperature), whereas the reactions to
detect allele 2 lacking the gene conversion (yielding a 1017 bp product) used the sense
primer TGGAGAAAAGCCCTACCCTGT.

4.6. Analysis of heart rate variability

All subjects underwent a 45-minute recording (I) with an ambulatory ECG recorder
(Dynacord Holter Recorder, Model 420, DM Scientific, Irvine, CA, USA) for 15 minutes
in a supine posture, for 15 minutes in a sitting posture while breathing quietly with a
frequency of 15 breaths/minute, and for 15 minutes while walking. The length of the
recordings was chosen after a pilot study on 37 normotensive and 40 hypertensive
subjects by calculating the shortest period that would give a reasonable correlation
(r=0.6) with the 24-hour measures of HR variability (Table 1). The ECG recordings were



42

performed between 7 AM and 3 PM, and the data were transferred from the Del Mar
Avionics scanner (Model 500, Del Mar Avionics, Irvine, CA, USA) to a microcomputer
for the analysis of HR variability with the use of a custom-made program (Hearts, Heart
Signal Co, Kempele, Finland). A linear detrend was applied to the RR interval data in
segments of 512 samples to make it more stationary. Premature beats and noise were
excluded automatically and manually, and the gaps were refilled with an average value
computed in the local neighborhood. The segments with >85% qualified beats were
included in the analysis. An autoregressive model was used to estimate the power
densities of four frequency bands (total power <0.4 Hz, HF power 0.15-0.4 Hz, LF power
0.04 to 0.15Hz, and VLF power 0.005 to 0.04Hz) in every 15-minute period of 512
beats. The SDANN (I) values from the 45-minute and SDNN from the 24-hour recording
were used as time domain measures. The average 45-minute and 24-hour SD and the
power spectrum components of HR variability were calculated. Spectral components
were analyzed as absolute units (ms2)(I,IV), and the low and high-frequency components
were also analyzed as normalized units (I). Normalized units were used when the changes
in HR variability in response to a change in body posture were compared.

4.7. Analysis of baroreflex sensitivity

For baroreflex sensitivity tests, noninvasive arterial BP was measured on a beat-to-beat
basis from the second finger of the left hand using the Finapress finger-cuff method, with
the monitored finger held at heart level. The reliability of the Finapress method has been
previously described (270). After data acquisition, the data were stored on computer
disks, and the phenylephrine test, Valsalva maneuver and spontaneous baroreceptor
responsiveness were later analyzed blinded to the other data.

4.7.1. Phenylephrine test (IV)

After a period of rest, when both the BP and HR values were stable, a bolus of
phenylephrine (80-120µg) was injected intravenously via a peripheral vein. The test was
repeated 2-3 times at 5-minute intervals with an attempt to obtain at least a 15 mmHg rise
in BP. The ECG and BP data were collected and analyzed using a menu-driven software
package (CAFTS, Medikro Oy, Finland). The slope of the linear relationship between the
length of the RR interval (in msec) and the preceding systolic BP value (in mmHg) from
the analysis window (from the beat which started a sustained rise in systolic BP to the
beat following the maximal BP elevation) was calculated using linear least-mean-squares
fitting. Only the regression lines with a correlation coefficient >0.8 or significant
(p<0.05) and with a BP change > 15 mmHg were accepted for analysis. The BRS was
calculated as the mean of accepted tests. A typical example of the computer output of a
phenylephrine test is displayed in Fig. 3.
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4.7.2. Valsalva maneuver (II, III)

The Valsalva maneuver was performed in a sitting position by blowing into a rubber tube
connected to an aneroid manometer and maintaining an expiratory strain of 40 mmHg for
15 seconds (69). A blow-off valve required the subjects to blow continuously to maintain
the pressure. The subjects were asked to refrain from talking or moving after strain
release. The test was performed three times at 5 minute intervals in Population 1 and 1-2
times in Population 2. The ECG and continuous BP data were stored in a digital format
and analyzed later using a menu-driven software package (CAFTS, Medikro Oy,
Finland). A linear least-mean-squares fitting method was employed to calculate BRS
from the overshoot phase after the Valsalva maneuver as the slope of the linear
relationship between the RR interval (in msec) and the preceding systolic BP value (in
mmHg). The slope was determined in a time window ranging from the beat upon which
systolic BP exceeded the systolic BP level at the end of the Valsalva strain to the beat
following the maximum systolic BP overshoot. Only regression lines with a correlation
coefficient >0.7 or p<0.05 and an increase in BP > 15 mmHg were accepted for analysis.
BRS was calculated as a mean of the results of all accepted tests. A typical example of
the computer output of the Valsalva test is displayed in Fig. 3.

4.7.3. Spontaneous baroreceptor responsiveness (II)

A stationary segment (without ectopic beats) of about 5 minutes was selected for
analysis. Spectral analysis of fluctuations in the RR interval and systolic BP was
performed using a method based on fast Fourier transform (73,74). The spontaneous
fluctuations in BP and the corresponding changes in RR interval were assessed by cross-
spectral analysis to obtain dynamic baroreceptor responsiveness (72,146). The amount
(relative power and timing) of coupling with the systolic BP as the input signal and the
RR interval as the output signal was assessed over a range of frequencies of physiological
interest. The reliability of the transfer function estimate between the RR interval and
systolic BP signals was assessed by the coherence function, which is analogous to the
correlation coefficient in regression analysis in the time domain during phenylephrine
testing, except that it is computed for each frequency region. The baroreflex gain
(relative power) was calculated as the square root of the ratio between the RR interval
and systolic BP variabilities in the mid-frequency (0.07-0.14 Hz) and respiratory
frequency (0.15-0.40 Hz) bands. Thus, this relative power function of frequency domain
analysis is analogous to the slope of the regression equation in the time domain analysis
during phenylephrine testing. The relative power calculation become unreliable if
coherence is low. Hence, only the frequency regions where coherence was > 0.5 were
selected for computation. The phase angle between systolic BP and RR interval
variabilities was calculated to evaluate the sequence and lag of the changes in the signals
at a given frequency. A negative phase angle suggests that the systolic BP signal precedes
the RR interval, e.g. -90 degrees at 0.25 Hz signifies a 1.0 s phase difference between the
signals. A typical example of the computer output of cross-spectral analysis is displayed
in Fig. 4.
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4.8. Statistical analyses

The Statistical Package for the Social Sciences (SPSS) for Windows, release 6.0, was
used for data analysis. Continuous data are given as means (SD) or medians (range). The
correlations between variables were evaluated by Spearman´s correlation coefficient. A
chi-square test was used to establish differences in frequencies and to assess the fit of the
observed allele frequencies to the Hardy-Weinberg distribution (III). A two-tailed p value
<0.05 was considered statistically significant. Unpaired t-test or Mann-Whitney U-test (in
case of skewed data distribution) was used to compare the differences between groups,
and paired t-test or Wilcoxon test (in case of skewed data distribution) for comparisons
within groups. Significant differences in the baseline variables between the groups were
taken into account by means of covariance when comparing the measures of HR
variability between hypertensive and normotensive subjects (I, II).

The coefficient of gametic linkage disequilibrium was calculated by likelihood
methods, and the coefficient (D) is reported as the ratio of the unstandardized coefficient
to its maximal value (271) (III). The differences between the variables in the different
genotype groups were tested with ANOVA (analysis of variance) or the Kruskal-Wallis
test (in case of skewed data distribution). Two-way ANOVA (3x3 factorial design) with
Bonferroni´s corrections for multiple comparisons was used to test the potential
synergistic effect of the ACE, AGT and CYP11B2 genes on BRS.

Stepwise linear multiple regression analysis was used to control for confounding
factors and to assess the quantitative effects of the baseline variables (e.g. age, BP, HR,
BMI, physical activity, alcohol consumption, smoking, serum cholesterol level, or the use
of estrogen or progesterone therapy) on HRV or BRS. For the regression model in Study
III, the genotype effect was assumed to be additive (or linear), dominant, or recessive.
The regression analysis was made separately for men and women.



5. Results

The demographic variables, BP values, lifestyle data and metabolic measurements of the
subjects in the studies I-IV are shown in Table 2. The correlation coefficients of the 45-
minute and 24-hour recordings are shown in Table 3.

Table 3. Correlation coefficients of the 45-minute and 24-hour recordings for calculating the measures of

HRV in normotensive and hypertensive subjects.

Normotensive males

(n = 37)

Hypertensive males

(n= 40)

SDANN (ms) 0.64 0.80

VLF power (ms² x 10) 0.66 0.81

LF power (ms² x 10) 0.67 0.80

HF power (ms² x 10) 0.61 0.78

P<0.001 for all .

5.1. Heart rate variabilit y in systemic hypertension

The mean values of SDANN and the frequency domain measures of HRV expressed as
absolute values are shown in I, Table III . There were significant interindividual
variations in the measures of HRV, but all the measures (except the HF component),
including the ratio between the LF and HF components, were significantly lower in the
hypertensive than the normotensive men.

Normotensive men showed a significant increase of the normalized LF component
(from 64 (12) to 68 (10) nu; p<0.001) and a decrease of the normalized HF component
(from 29 (12) to 23 (10); p<0.001) in response to an upright (sitting) posture (I, Fig. 1).
In hypertensive men, the normalized LF component (from 62 (12) in the supine vs 63
(12) nu in the sitting posture; NS) and the normalized HF component (29 (12) nu in the
supine and 28 (12) nu in the sitting posture; NS) did not change.



Table 2. Characteristics of study populations.

I II III IV

C

(n=188)

H

(n=168)

C

(n=280)

H

(n=214)

Pop. 1

(n=315)

Pop. 2

(n=66)

H

(n=33)

Age (yrs) 50 (6) 50 (6) 50 (6) 50 (6) 50 (6) 36-37 53 (5)

Male sex (%) 100 100 52 56 49 44 64

Body mass index (kg/m2) 26 (3) 29 (4) 26 (4) 28 (4) 26 (6) 25 (3) 28 (5)

Heart rate (bpm) 70 (10) ( 69 (11) 69 (10) 70 (8) 71 (9) 67 (10) 68 (10)

Office systolic BP (mmHg) 146 (19) 158 (18) 140 (20) 156 (19) 142 (20) 127 (14) 172 (19)

Office diastolic BP (mmHg) 89 (9) 98 (10) 84 (12) 95 (12) 85 (12) 82 (9) 100 (9)

Smokers (%) 36 26 49 50 41 41 12

Alcohol consumption (g/day) 73

(0-473)

73

(0-658)

24

(0-387)

28

(0-658)

24

(0-387)

17

(0-75)

Physical activity (†METxh/d) 3.0 (1.0)* 3.0 (0.9)* 3.1 (0.9)* 2.9 (1.0)* 3.0 (1.0)* 2.1†

(0-13.8)

Serum lipids (mmol/l)

Total cholesterol 5.8 (1.1) 5.8 (1.0) 5.6 (1.0) 5.7 (1.0) 5.6 (1.0) 5.4 (0.8) 6.0 (0.9)

HDL cholesterol 1.2 (0.3) 1.2 (0.3) 1.4 (0.4) 1.3 (0.3)‡ 1.4 (0.4) 1.8 (0.4)) 1.3 (0.3)

Triglycerides 1.6 (0.8) 1.9 (1.0)‡ 1.3 (0.6) 1.6 (0.8)‡ 1.3 (0.7) 1.1 (0.6) 2.0 (1.0)

Values are means (SD) of normally distributed variables, medians (range) of asymmetrically distributed variables

or percentage of categorical variables. C, control subjects; H, hypertensive subjects; bpm, beats per minute.

* According to Grimbyet al.(257). † METxh/d, MET indicates metabolic equivalent (energy expenditure of a person

at rest:≈ 1kcal/kg per h). ‡ p<0.05.



After adjustment for the baseline differences in systolic BP and BMI between the
groups, no significant differences persisted in the SDANN (F = 0.5, p = 0.47), absolute
units of VLF (F = 2.3, p = 0.15), LF (F = 2.3, p = 0.13), or the changes in the normalized
units of the LF component (F = 2.5, p = 0.11) or the HF component (F = 2.5, p = 0.11)
after sitting up.

5.2. Baroreflex sensitivity in systemic hypertension

There were wide interindividual variations of BRS in both normotensive and
hypertensive subjects (Fig. 6). The mean BRS assessed both by the Valsalva maneuver
and by cross-spectral analysis was significantly lower in the hypertensive patients (7.0 ±
4 and 6.0 ± 4 ms/mmHg, respectively) than in their normotensive counterparts (9.9 ± 5
and 7.3 ± 4 ms/mmHg, p<0.001 and p<0.05, respectively). The difference in BRS
remained significant after adjustment for differences in 24-hour BP, BMI, lipid values
and echocardiographic measurements (F=17.3, p<0.0001 for Valsalva maneuver and
F=5.3, p<0.05 for cross spectral analysis). Hypertensive patients had more often an
abnormal BRS (<3ms/mmHg) than normotensive subjects (15% vs. 3% for Valsalva and
22% vs. 9% for cross-spectral method, p<0.0001 for both, see Fig. 6). The correlation
between the two methods used to assess baroreceptor responsiveness was moderate
(r=0.38, p<0.0001).
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Fig. 6. BRS (assessed by Valsalva manouver) in control and hypertensive subjects. The curves
are probability density functions calculated by using the means and SDs of the BRS values.
The cut-off line for very low BRS (<3 ms/mmHg) is shown.
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5.3. Determinants of autonomic cardiovascular regulation

5.3.1. Determinants of heart rate variability (I)

The SDANN had significant inverse relations to BMI (r=-0.22, p=0.005), systolic BP
(r=-0.20, p=0.008), and waist/hip ratio (r=-0.19, p=0.016) in hypertensive men, and it
was related to BMI (r=-0.20, p=0.005), systolic BP (r=-0.25, p<0.0001), age (r=-0.18,
p=0.01) and fractional shortening (r=0.24, p=0.003) in normotensive subjects. When
hypertensive men were grouped according to their use of antihypertensive medications,
the absolute HF component was higher in the men receivingβ-blocking agents than in
without β-blockers, but no other differences in HRV were seen between the groups. The
changes in the normalized units of LF and HF components were also related to systolic
BP in hypertensive men (r=-0.20, p=0.009), but not in normotensive men.

Multiple regression analysis showed the SDANN to have an independent relation only
to systolic BP (β=-0.20, p=0.01) in hypertensive men. In normotensive men, it was
predicted by systolic BP (β=0.28, p=0.0002), fractional shortening (β=-0.23, p=0.002),
and age (β=-0.21, p=0.005).

5.3.2. Determinants of baroreflex sensitivity (II)

Women with and without hypertension had significantly lower BRS assessed by the
Valsalva maneuver than men (5.7±3.5 and 8.7±4.6 ms/mmHg vs 8±3.9 and 11.1±4.9
ms/mmHg, respectively, p<0.0001) (168), but no gender-related differences in BRS
assessed by cross-spectral analysis were observed. In the univariate analysis of
hypertensive patients, age (r=-0.31, p<0.001) was the only significant determinant of
BRS assessed by Valsalva maneuver, and mean HR (r=-0.55, p<0.001) was the only
determinant of BRS assessed by cross-spectral analysis. Ambulatory systolic BP (r=-0.06
- -0.09, NS) was not related to BRS assessed by either method. Among normotensive
subjects, BRS was inversely related to ambulatory systolic BP (r=-0.19 and -0.41,
p<0.001 for both), mean HR (r=-0.30 and -0.45, p<0.001 for both) and age (r=-0.13,
p<0.05 and -0.22, p<0.05 for Valsalva and cross-spectral methods, respectively). In
multivariate regression analysis, BRS assessed by Valsalva maneuver was predicted by
ambulatory systolic BP (β=-0.21, p=0.0008) and HR (β=-0.16, p=0.0082), and BRS
assessed by cross spectral analysis was predicted by ambulatory systolic BP (β=-0.31,
p<0.0001), age (β=-0.20, p=0.0028) and HR (β=-0.16, p=0.015).

The BRS values assessed by Valsalva maneuver in quartile groups according to
ambulatory 24-hour systolic BP in normotensive subjects and their hypertensive
counterparts matched for ambulatory BP are displayed in II, Fig.3. BRS was significantly
lower in the treated hypertensive than in the normotensive group in all except the highest
BP quartile.

When the patients were grouped according to their use of beta-blockers (8.0 ± 4
ms/mmHg), calcium antagonists (7.6 ± 4 mmHg), ACE inhibitors (7.7 ± 4 mmHg),
diuretics (6.1 ± 4 ms/mmHg) and combination treatment (6.3 ± 4ms/mmHg), no
significant differences in BRS (values for Valsalva maneuver) emerged between the
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groups. Neither alcohol consumption nor smoking habits had any significant influence on
BRS.

BRS tended to be lower in the subjects with no physical activity (6.9± 4 ms/mmHg)
or mild activity (8.6± 5 ms/mmHg) than in those with moderate (8.8± 5 ms/mmHg) or
strenuous (9.6± 5 ms/mmHg) activity (values for Valsalva maneuver). None of the
echocardiographic or metabolic measures had significant association with BRS.

5.3.3. Genetic influences on baroreflex sensitivity (III)

5.3.3.1. Population 1

The main characteristics, 24-hour BP, lifestyle data, and -344C/T genotype in men and
women are shown in III, Table 1. There were no significant genotypic effects on any
variables. Similarly, the intron 2 polymorphism of CYP11B2 and the ACE and AGT
polymorphisms had no influence on any of these basic data. The 24-hour systolic
(129±12 vs 123±11 mmHg, p<0.001) and diastolic (81±8 vs 77±7 mmHg, p<0.001) BPs
were higher in men, but there was no significant sex difference in BMI.

The genotype distributions of all polymorphisms were in agreement with the Hardy-
Weinberg equilibrium both in men and in women. The data confirm the linkage
disequilibrium between the two polymorphic loci in the CYP11B2 gene (D=0.48,
χ2=47.0, p<0.0001). The genotype distribution of the -344C/T polymorphism in the 72
subjects with inadequate Valsalva maneuver was similar to that in the 315 subjects with
adequate tests (20 (30%) in -344TT, 39 (45%) in CT and 13 (25%) in CC genotype).

BRS was significantly lower in women than in men (8.6±4.0 and 11.0±4.8 ms/mmHg,
respectively, p<0.0001). In women, BRS was related to the CYP11B2 promoter
genotype, averaging 10.1±4.5, 8.7±3.8 and 7.1±3.2 ms/mmHg in the -344TT, CT and CC
groups, respectively (p=0.003)(Fig. 7, panel A); a comparable association was observed
between BRS and the intron 2 polymorphism (1/1: 11.1±4.4; 1/2 8.9±4.1; 2/2: 7.5±3.4
ms/mmHg, p=0.002). In men, by contrast, BRS was unrelated to either the promoter
genotype (Fig. 7, panel B) or the intron 2 genotype (data not shown) of the CYP11B2
gene. In women, the association of BRS with the CYP11B2 promoter genotype was
consistent with a gene dosage effect, such that BRS increased in a linear relationship with
the number of -344T alleles carried by each woman (F=13.1, df1, p=0.0004, R2=0.08).

There were no significant differences in BRS between the different genotypes of ACE
or AGT in women or men. When ACE and AGT were added as factors in ANOVA (3x3
factorial design), no significant synergistic effect of the AGT, ACE and -344C/T
genotypes on BRS was observed.

In univariate analysis, BRS was associated with 24-hour systolic BP in both men (r=-
0.22, p<0.05) and women (r=-0.30, p<0.0001). BRS was also weakly related to age in
men (r=-0.18, p<0.05), but not in women (r=-0.13, NS). The association between BRS
and the different genotypes of the CYP11B2 -344C/T promoter polymorphism in the age
tertiles in women is displayed in Fig. 3 (Fig. 7, panel D). Although the same trends were
seen in all age tertiles, the association was only significant among the women aged 41-46.

In multiple regression analysis of the female population, BRS was related to 24-hour
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systolic BP (β=0.38, p=0.0067) and the -344C/T genotype of CYP11B2 (CC=1, CT=2,
TT=3; β=.37, p=0.008), but was independent of age, BMI, physical activity, daily
alcohol consumption, smoking, serum cholesterol, HR, and the use of estrogen or
progesterone therapy. In men, only 24-hour systolic BP was an independent predictor
(β=0.39, p=0.013), while the other variables did not enter the model. Different
assumptions about the type of the genotype effect did not alter the findings.

5.3.3.2. Population 2

There were no significant differences in the basic characteristic or BP across the -
344C/T genotype groups. The -344C/T genotypes of 18 subjects with inadequate
Valsalva maneuver were: 3 (17%) -344TT, 8 (44%) CT and 7 (39%) CC.

In the total population of 37 women and 29 men, ANOVA revealed a significant main
effect of the -344C/T genotype on BRS (Fig. 7, panel D). The data were consistent with a
gene dosage effect; BRS increased in a linear relationship with the number of -344T
alleles carried by each subject (F=21.1, df1, p<0.0001, R2=0.25). The association of BRS
with the -344C/T genotype was statistically significant in both men (TT: 20.2 ± 10.8; CT
12.6 ± 6.5; CC: 10.0 ± 2.7 ms/mmHg, p=0.037, ANOVA) and women (TT: 18.1 ± 9.4;
CT 13.0 ± 4.0; CC: 9.6 ± 5.0 ms/mmHg, p=0.017, ANOVA).

In women, BRS was also related to the intron 2 polymorphism of CYP11B2,
averaging 18.9±10.5, 14.6±6.3 and 10.8±3.9 ms/mmHg in the 1/1, 1/2 and 2/2 genotype
groups, respectively (p=0.036, ANOVA). The comparable trend in men was not
statistically significant (data not shown). There were no differences in BRS between the
I/D genotype groups of ACE in either women or men (data not shown). The sex
difference in BRS did not reach statistical significance (14.7±8.3 in men and 13.5±6.3
ms/mmHg in women, p=0.47).

In multiple regression analysis, BRS was related to the -344C/T genotype of
CYP11B2 (CC=1, CT=2, TT=3;β=0.49, p<0.001), but was independent of sex, BMI,
serum cholesterol, HR, systolic BP, LVM, average daily physical activity, smoking and
average daily alcohol consumption.

5.3.4. Influence of antihypertensive treatment on autonomic
cardiovascular regulation (IV)

The effects of intensified antihypertensive treatment on HRV and BRS were examined in
33 patients. The main characteristics and casual BP values of the two study groups are
summarized in IV, Table I and the 24-hour BP values in IV, Table II. Echocardiographic
data is shown in IV, Table III. A significant reduction in LVM was observed, but the left
ventricular diameter and systolic function remained unaltered by the treatment. The
reduction of LVM was also reflected as lowered ECG voltages and a reduced voltage
index of Cornell (Table 4).
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Fig. 7. Individual data on BRS in relation to the -344C/T polymorphism in the promoter of
CYP11B2 in women (Panel A) and in men (Panel B) in Population 1 and in Population 2
(Panel C). Panel D, BRS (mean±±±±SEM) by the -344C/T polymorphism in the promoter of
CYP11B2 in age tertiles in women in Population 1. Horizontal lines indicate group mean
values. *ANOVA.

The effects of the two combination therapies on HRV and BRS are displayed in IV,
Table III. Individual BRS and mean BP values on monotherapy and after combination
therapy in both study groups are displayed in IV, Fig. 2. The changes in BRS or the
measures of HRV were not significantly related to the initial 24-hour BP or to the
reduction of 24-hour BP or regression of LVM.
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Table 4. Electrocardiographic data of the study groups.

Group 1

(n=16)

Group2

(n=17)

Metoprolol

95 mg

Metoprolol +

felodipine

Enalapril

20mg

Enalapril +

HCTZ

Electrocardiography (mV)

RaVL 7.2 (3.5) 6.3 (3.4)* 7.8 (4.4) 6.1 (3.7)*

RV5 17.5 (6.3) 15.5 (4.5) 15.3 (5.3) 15.5 (5)

RV6 15.6 (3.8) 14.2 (3.5) 14.2 (4.8) 13.6 (4.3)

SIII 4.6 (3.8) 4.2 (3.5) 5.5 (3.6) 4.0 (3.3)*

SV1 8.8 (3.2) 7.6 (2.8)† 9.3 (2.9) 8.3 (2.9)*

SV3 6.6 (5.2) 5.3 (4.7) 7.7 (3.4) 7.9 (4.8)

Cornell index (RaVL+ SIII ) 13.8 (7.0) 11.5 (5.2)* 15.5 (4.6) 14.0 (5.6)

Values are expressed as mean (SD).

HCTZ = hydrochlorothiazide.
*P<0.05,†P<0.01 between monotherapy and combination therapy.



6. Discussion

Abnormal cardiovascular neural regulation may be a potential trigger of adverse cardiac
events observed in hypertensive patients. However, there is only limited information
available on the presence of abnormalities in HRV or BRS in these patients. The present
study is the first large-scale population-based attempt to evaluate HRV and BRS in
patients on long-term antihypertensive treatment. The previous analyses of autonomic
cardiovascular regulation in small numbers of nonrandomly selected hypertensive
subjects have yielded variable results (8-12,19,114,115,128,178,272). None of these
studies adjusted their results for the differences in baseline variables, such as BP and
obesity. Furthermore, the effects of age and gender have been largely ignored in these
surveys.

The present study is the first to suggest that variation in a specific gene may influence
interindividual variation in BRS.

This study also indicate that the abnormalities in autonomic cardiovascular regulation
are not irreversible phenomenon in patients with long-standing systemic hypertension,
but can be partly restored by modern antihypertensive therapy.

6.1. Reduced heart rate variabilit y in patients with systemic
hypertension

The present study showed that the measures of HRV are reduced in treated hypertensive
subjects relative to their age-matched normotensive counterparts. Also, hypertensive
subjects have blunted autonomic responses to changes in body posture as compared to
normotensive subjects. Because significant sex-related differences are known to occur in
the autonomic regulation of HR (168), only men were included in the study.

Concurrent with the present findings, Chakko et al. reported that HRV is reduced in
hypertensive patients with evidence of LVH, and Radaelli et al. reported that the
responses of normalized LF and HF components to head-up tilting are attenuated in
medicated patients with hypertension as compared with age-matched normotensive
subjects. The reduction of the LF component observed in that study is also consistent
with the results of experimental (273) and clinical (11,12,19,115,178) studies which have
shown abnormalities in BRS in hypertensive patients. The LF component of HRV has



54

been suggested to reflect partly BRS (30,274).
In contrast with the present findings, studies utilizing normalized units to determine

sympathovagal balance have shown increased normalized LF power and decreased
normalized HF power in hypertensive patients (9,109). The discrepancies between these
result and the present findings may reflect the differences in autonomic cardiovascular
regulation in recently diagnosed borderline compared to long-standing hypertension.
Antihypertensive medication may also explain some of the findings. On the other hand,
the value of normalized units and the ratio of LF to HF power as an index of
sympathovagal balance has recently been questioned (36).

6.2. Impaired baroreflex sensitivity in patients with systemic
hypertension

Previous smaller studies have suggested that BRS is lower in patients with established
systemic hypertension without antihypertensive medication than in normotensive subjects
(11,12,106). Abnormalities in baroreflex function have also been demonstrated in
borderline hypertension and it has been suggested that these abnormalities might even
precede the onset of hypertension and contribute to its pathogenesis (19,178). The
present study is the first population-based study on BRS in systemic hypertension to
confirm that BRS is also impaired in the patients with long-standing hypertension despite
adequate antihypertensive treatment. The prevalence of abnormal BRS was fivefold in
treated middle-aged hypertensive patients compared to their age- and sex-matched
normotensive counterparts.

There are at least two potential explanations which could contribute to the finding that
BRS is not normalized by optimal antihypertensive therapy. First, during the
development and progression of hypertension, several structural alterations, such as
medial hypertrophy and endothelial damage, occur in the vessel wall (133). These
structural alterations may become irreversible and contribute to the permanent nature of
altered baroreceptor sensitivity. In this respect it is noteworthy that in experimental
hypertension, an early introduction of antihypertensive therapy improves BRS more than
a late initiation of treatment (275). Clinical data on the potential advantages of early
treatment are, however, lacking. The other possibility is that defective baroreflex
buffering of BP might be a primary abnormality and one of the pathophysiological
mechanisms leading to the development of essential hypertension (19). This concept is
supported by the previous observation on the heredity of impaired BRS in hypertensive
subjects (123).

The prognostic significance of depressed BRS in patients with hypertension is not
known. It is, however, an independent marker of high mortality in patients with
myocardial infarction (7,18). Importantly, experimental data have shown that both BRS
and HRV measured after myocardial infarction predict the occurrence of postinfaction
ischemia-induced ventricular fibrillation, but, at variance with HRV, BRS also predicts
postinfarction ischemia-induced ventricular fibrillation when measured before
myocardial infarction (207). Thus, treated hypertensive patients with abnormal BRS may
be at a higher risk for life-threatening arrhytmias and mortality during or after an
ischemic cardiac event.
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6.3. Determinants of autonomic cardiovascular regulation in patients
with systemic hypertension

Since reduced overall HRV and BRS are associated with an increased risk of overall and
cardiac mortality in various populations (3,4,6,7), it is important to know which factors
are responsible for these alterations. After adjustment for systolic BP and BMI, no
differences were observed in measures of HRV between the hypertensive and
normotensive subjects (I), showing that poorly controlled hypertension and obesity are
the major determinants of reduced overall HRV in the OPERA population. However, the
correlations were relatively weak, suggesting that the wide interindividual variation in the
measures of HRV is partly also due to other factors (not measured here). Notably, HRV
was not related to aging, leisure-time physical activity, smoking or LVM, all of which
have been previously proposed to influence the cardiovascular autonomic regulation in
the hypertensive population (14,128,176,180,186).

At variance with HRV, BRS was also reduced in hypertensive subjects after
adjustment for BP and obesity, suggesting that impaired BRS may be a primary feature
related to systemic hypertension (II). Earlier studies in untreated hypertensive subjects
have shown that BRS decreases with increasing BP and advancing age (11,115,178). In
the present study, a similar association was demonstrated for age in both hypertensive
and normotensive subjects, but for BP only in the normotensive group. Thus,
antihypertensive therapy may fade out the direct effect of high BP on BRS. Previous
studies have also revealed weak associations between cardiovascular risk factors, such as
smoking habits and lipid status, and autonomic modulation of HR (14,15,17), but we
were unable to demonstrate such correlations with BRS. Interestingly, one marker of end-
organ damage, LVH, was not associated with blunting of BRS. Physical activity may also
improve BRS (184), but the present cross-sectional study did not demonstrate significant
differences in BRS between the groups representing different intensities of leisure-time
physical activity.

Antihypertensive medication may contribute to the observed reductions in HRV (I)
and BRS (II) in hypertensive patients. According to previous studies, however,
medication should improve rather than attenuate HRV or BRS (144-147,151,153,276). In
the present study (I), the patients receivingβ-blocking medication had a somewhat higher
HF component of HRV. This may explain why the HF-component did not differ between
hypertensive and normotensive subjects. No differences were observed in HRV or BRS
between patients with other types of medication, although the number of patients in the
treatment groups may have been too small for statistically valid comparisons of drug
effects. Intensification of the treatment by two commonly used drug combinations (IV),
however, improved significantly HRV and BRS in patients with long-standing
hypertension and poor BP control on monotherapy. The observed effect tended to be
more obvious in the patients with the lowest BRS values at baseline (IV, Fig. 2). There is
also increasing evidence to suggest that impaired cardiovascular autonomic regulation
may predict mortality and adverse events in patients without documented ischemic heart
disease (4,6). The recent HOT study showed that the substantial BP reduction achieved
with the antihypertensive agents used in the present study was associated with a reduced
incidence of cardiovascular events (277). It is plausible that the improved BRS and HRV
achieved by combination therapy may partly contribute to the beneficial prognostic
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effects in patients with systemic hypertension.

6.4. Genetic variation in renin-angiotensin-aldosterone system genes
and baroreflex sensitivity

Thus far, there is limited information available concerning the effects of CYP11B2 gene
variation on cardiovascular structure and function (211,248). A recent report of studies in
Population 2 suggested that the -344CC genotype is a powerful predictor of increased
LVM and relatively impaired left ventricular diastolic function (252). The relationship
between BRS and the CYP11B2 genotypes observed in the present study was, however,
independent of LVM. Thus, the -344CC genotype may associate independently with low
BRS and LVH, both of which predict increased cardiovascular mortality (7,18,278-280).
Data from previous clinical studies have not provided definitive answers concerning the
role of polymorphisms of the ACE and AGT genes in BP regulation or other
cardiovascular disorders, such as LVH or cardiac events (239,281). In line with these
studies, we did not find any significant association between either ACE or AGT
genotypes and BRS.

The association of BRS with CYP11B2 gene variation was initially observed in
Population 1. Since multiple testing for genetic associations may notoriously lead to
chance findings even in non-mixed populations, we repeated the study in a fully
independent population-based sample of younger healthy subjects (Population 2). In
support of our primary data, an even stronger association of BRS with the CYP11B2
genotypes was observed, this time not only in women, but also in men. These findings are
physiologically relevant, since aging and BP have independent major effects on BRS
(11,18,60,177,199), and the influence of polymorphisms on BRS may be filtered out
upon aging in subjects with higher BP values (281).

The genotypic effects were analyzed separately for both sexes, because several
previous studies have shown significant gender-related differences in autonomic
cardiovascular regulation in various populations (94,168,169,171,282). In Population 1,
an association between BRS and the -344C/T genotypes was observed only among
women and, furthermore, mainly in those younger than 46 years, who were
predominantly premenopausal. The observed sex difference in the genomic effect among
middle-aged subjects is physiologically plausible in the light of the prior studies and
analogous to the well-established gender difference in BRS and BP regulation (168-
171,282). Sex hormones may modulate the effects of circulating angiotensin II,
aldosterone and cortisol at the receptor level in the central nervous system and interact
with components of tissue RAS in the brain, heart, vascular bed and adrenals (225-228).
We do not know why there was a sex difference in the association between BRS and the -
344C/T genotypes in Population 1, but not in Population 2. However, the subjects in
Population 1 were older and heterogeneous for age, and their BP and BMI were higher,
which differences may have modified the genetic influences on BRS.

The molecular mechanisms underlying the association between BRS and CYP11B2
polymorphism cannot be deduced from this study. Unfortunately, plasma concentrations
of RAS hormones were not available for the populations we studied. However, it is
reasonable to speculate that one of the CYP11B2 polymorphisms we examined, or an
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additional polymorphism in linkage disequilibrium with it, alters CYP11B2 gene
expression, i.e. plasma aldosterone synthesis, while aldosterone levels, in turn, affect
BRS. The -344C/T polymorphism lies in an element that is essential for the expression of
the corresponding murine and bovine genes (283-285), but it is not known whether this
element affects the expression of CYP11B2 in humans. Recently, however, Pojogaet al.
reported data indicating that the plasma aldosterone concentration is dependent upon the
-344C/T genotype in hypertensive individuals, being clearly highest in subjects
homozygous for the -344C allele (253). Interestingly, intravenous infusion of aldosterone
impairs BRS in both animal models and man (140,141).

6.5. Possible limitations of the study

Due to exclusions made in Designs 1,2 and 4, the populations in the present study may
not purely represent the large original populations of the OPERA. Also, the influence of
antihypertensive medication on the results might be unpredictable in these studies. On the
other hand, one of the main purposes was to evaluate whether patients on
antihypertensive medication have abnormalities in cardiovascular autonomic regulation.
Furthermore, based on previous studies, the medication should improve rather than
attenuate HRV and BRS in hypertensive patients (144,145,149,151-154,286).

Design 1. A 45-minute standardized period was used to calculate the different
measures of HRV. Although previous prognostic studies have been performed by
calculating the 24-hour HRV, in line with previous studies (92,99), we found a
reasonably good correlation between the 45-minute and 24-hour measurements (Table 3).
Furthermore, Dekkeret al. has showed that decreased HRV determined from short-term
recording predicts mortality in middle-aged population (103). Our method of recording
data in different positions served as an effort to mimic the habitual activities during the
day.

Design 2 and 3.Prognostic information on the role of baroreflex function is based on
phenylephrine-based BRS measurements (7,18). The predictive significance of BRS data
obtained from a Valsalva maneuver is unknown, but the measurements by means of the
Valsalva maneuver and cross-spectral analysis are reproducible and correlate closely
with indexes derived using the invasive phenylephrine method (66-69,72,73). Indeed, the
stimulus to arterial baroreceptors obtained by the relatively high expiratory pressure (40
mmHg) in the Valsalva maneuver is close to the stimulus obtained by a phenylephrine
injection (68), and when the baroreflex slope is analyzed, as in the present study, from
the overshoot phase of the Valsalva maneuver (67), it is likely that the results of these
two methods are comparable. It is important to point out that we only analyzed subjects
without apparent cardiac diseases, which improves the accuracy and eliminates pitfalls of
the Valsalva test (71). Both measurements of BRS used in the present study represent a
more physiological challenge for the baroreflex than the pharmacological methods and,
are, owing to their noninvasive nature, more suitable for large-scale population surveys.
However, the results of the Valsalva maneuver and cross-spectral analysis may not be
fully interchangeable, because the intrathoracic stretch receptors and increased venous
return in the Valsalva maneuver may modify the cardiovascular reflexes independent of
the carotid baroreflexes (60).
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Design 3.Theoretically, it is possible that the medication used before randomization
may cause bias to the results by carry-over effect. However, it is likely that 2 weeks
randomized monotherapy in the parallel design is long enough to avoid this problem in
the study III (287).

Design 4.It is possible that the CYP11B2 polymorphisms we examined are merely
markers for one or more additional nearby polymorphisms that actually mediate the
observed effects on BRS. There might be a nonrandom association between the ”BRS”
allele of such a hypothetical locus and the -344C allele of CYP11B2, a condition termed
genetic linkage disequilibrum. It is, however, even theoretically possible that
polymorphisms in CYP11B2 are responsible for the observed findings (250,288).



7. Conclusions

1. Low-frequency spectral components (LF and VLF) of HRV are reduced in treated
hypertensive patients.

2. Despite adequate antihypertensive therapy, BRS is impaired in subjects with long-
standing systemic hypertension as compared with age-matched normotensive subjects.

3. Poorly controlled hypertension and obesity are the major determinants of HRV in a
hypertensive population. In contrast, BRS is reduced in hypertensive subjects even after
adjustment for BP and obesity, suggesting that impaired BRS is a primary feature related
to hypertension and probably partly determined by genetic factors.

4. The common genetic polymorphisms in the aldosterone synthase gene (CYP11B2)
predict interindividual variation in BRS, explaining up to 25% of the variation of BRS. It
seems that the observed associations are stronger in younger subjects and diminish earlier
in aging men.

5. In spite of genetic influences, abnormal cardiovascular autonomic regulation is not an
irreversible phenomenon in patients with long-standing systemic hypertension. It was
shown that appropriate modern antihypertensive combination therapy not only improves
poor BP control and induces regression of LVH, but also improves cardiovascular
autonomic regulation.
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Baroreflex sensitivity and variants of the renin angiotensin system genes

Antti Ylitalo, MD; K.E. Juhani Airaksinen, MD; Aarno Hautanen, MD; Markku Kupari, MD; Marion Carson,
MD; Juha Virolainen, MD; Markku Savolainen, MD; Heikki Kauma, MD; Y Antero Kesäniemi, MD; Perrin C.

White, MD and Heikki V. Huikuri, MD.

Abstract
BackgroundBaroreflex sensitivity (BRS) varies widely between healthy individuals. This is not well explained

by demographic variables, cardiovascular risk factors or life style, suggesting a genetic component
responsible for the interindividual variation of BRS. Because the renin-angiotensin-aldosterone system (RAS)
modifies cardiovascular autonomic regulation, we studied the possible associations between BRS and
polymorphisms in the angiotensin-converting enzyme (ACE), angiotensinogen (AGT) and aldosterone
synthase (CYP11B2) genes.

Methods and ResultsBRS, as measured from the overshoot phase of the Valsalva maneuver, and genetic
polymorphisms were examined first in a random sample of 161 women and 154 men aged 41-61 years and
thereafter in an independent random cohort of 29 men and 37 women aged 36-37 years. An insertion/deletion
(I/D) polymorphism of ACE, M235T variants of AGT and two diallelic polymorphisms in the gene encoding
CYP11B2, one in the promoter (-344C/T) and the other in the second intron (gene conversion/non-
conversion, 1/2), were identified by polymerase chain reaction. In the older population, BRS (mean±SD)
differed significantly across CYP11B2 genotype groups in women (10.1±4.5, 8.7±3.8 and 7.1±3.2 ms.

mmHg-1 in genotypes -344TT, CT and CC, respectively, P=.003, and 11.1±4.4, 8.9±4.1 and 7.5±3.4 ms.

mmHg-1 in intron 2 genotypes 1/1, 1/2 and 2/2, respectively, P=.002), but not in men. No comparable
associations were found for BRS with the I/D polymorphism of ACE or the M235T variant of AGT in either
sex. In the youngerpopulation, BRS was strongly related to the CYP11B2 promoter genotype, averaging
19.2±9.9, 12.9±5.1 and 9.7±4.1 ms. mmHg-1 in the -344TT, CT and CC groups, respectively, (P=.0003). The
association was statistically significant both in men (P=.015) and in women (P=.03). BRS was unrelated to
the I/D polymorphism of ACE even in the youngerpopulation.

ConclusionsCommon genetic polymorphisms in the aldosterone synthase (CYP11B2) gene is associated
with interindividual variation in BRS. Because low BRS is a marker of increased risk of
cardiovascular morbidity and mortality, the clinical and prognostic significance of CYP11B2
polymorphism merits further investigation.

Key words: baroreflex sensitivity, renin-angiotensin system, aldosterone synthase, gene polymorphism,
gender

Impaired baroreflex sensitivity (BRS) is a predictor
of cardiovascular mortality,1,2 and experimental3

and clinical4 data suggest that BRS associates with
the development of high blood pressure (BP) and
may be an important hereditary component in the
pathogenesis of essential hypertension.5 BRS varies
widely between healthy individuals.6,7 This is not
well explained by demographic variables,
cardiovascular risk factors or life style, suggesting a
genetic component contributing to BRS.7

The renin-angiotensin-aldosterone system
(RAS) has an important role in cardiovascular
homeostasis. It regulates sodium balance and
intravascular volume8 and, in addition, interacts
with other BP control mechanisms, including the
sympathetic nervous system and baroreceptor
reflexes.9 Many of these actions are mediated by
angiotensin II and aldosterone, which both have
been shown to impair BRS.10-12
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Genes encoding components of RAS, such as
the angiotensin-converting enzyme (ACE),

angiotensinogen (AGT) and aldosterone synthase
(CYP11B2), are potential risk loci for
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cardiovascular diseases.8,13,14We, therefore, set out
to study the possible associations between BRS and
polymorphisms in these genes in two groups of
healthy subjects randomly selected from ethnically
homogeneous populations.

Methods
Subjects
Population 1. OPERA (Oulu Project Elucidating
Risk of Atherosclerosis) is a population-based,
epidemiological study of cardiovascular risk
factors. 14 Subjects with no treatment for
hypertension were randomly selected by age
stratification from the register of the Social
Insurance Institution covering the whole population
of the City of Oulu in Northern Finland (106 500
inhabitants). Two-hundred and fifty-nine men and
267 women volunteered to take part, the overall
participation rate being 87%.

All subjects were invited to be studied by
Valsalva maneuver and 24-hour ambulatory BP
measurement and 483 participated. Participants
with diabetes mellitus (n=22), coronary artery
disease based on symptoms, medication, or ECG
(n=35), atrial fibrillation (n=12), frequent ectopic
beats (n=8), inadequate ambulatory BP monitoring
(n=19) or inadequate Valsalva maneuver (n=72)
were excluded, after which a total of 315
individuals (161 women and 154 men, 60% of the
original cohort) remained for analyses. Of the
women, 76 were classified as postmenopausal, since
at least 6 months had passed after their latest
menstruation, but 28 of them were on estrogen or
progesterone replacement therapy. Nine of the 85
premenopausal women were taking these hormones.
Past and current medical history, smoking habits,
alcohol consumption and physical activity were
assessed with a standardized health questionnaire,15

and leisure-time physical activity groups (1-5) were
formed as described.16 A clinical examination and
standard 12-lead electrocardiography were
performed. Routine blood tests, including an oral
glucose tolerance test, were performed on each
subject.
Population 2. The reproducibility of the
associations between BRS and genetic
polymorphisms of CYP11B2 and ACE was tested
in another population sample consisting of 89
subjects aged 36-37 years apparently free of
cardiovascular disease. The characterization of this
study group, including echocardiographic
examination of the left ventricle, laboratory tests for
blood lipids and assessment of habitual physical
activity, smoking and ethanol consumption by 2-
month daily recording, has been detailed earlier.
17,18 The subjects were also characterized for their
heart rate and BP responses to the Valsalva
maneuver. The ECG and BP recordings were
analyzed for BRS by two of the authors (A.Y. and

K.E.J.A.) blinded to the genotypes and other data.
DNA was available for genotyping in 84 subjects,
and the recordings of the Valsalva maneuver were
acceptable for BRS determination in 70 subjects; 66
subjects (37 women and 29 men) had both types of
data available for statistical analyses.

The design of the tests was approved by the
Ethical Committees of the respective institutions,
and all subjects gave their informed consent.
Baroreflex Sensitivity
For the assessment of BRS, the subjects performed
the Valsalva maneuver in a sitting position by
blowing into a rubber tube connected to an aneroid
manometer and maintaining an expiratory strain of
40 mmHg for 15 seconds. The test was performed
three times at 5 minute intervals in Population 1 and
1-2 times in Population 2. Otherwise, the test
method and the data analysis19 were identical in the
two study groups. In short, noninvasive arterial BP
was recorded on a beat-to-beat basis, using the
Finapres finger-cuff method (Ohmeda Inc.,USA)20

with the monitored finger held at heart level. The
ECG and continuous BP data were stored in a
digital format and analyzed later using a menu-
driven software package (CAFTS, Medikro Oy,
Finland). A linear least-mean-squares fitting method
was employed to calculate BRS from the overshoot
phase after the Valsalva maneuver as the slope of
the linear relationship between the RR interval (in
msec) and the preceding systolic BP value (in
mmHg). 19 Only regression lines with a correlation
coefficient >.7 or P<.05 and an increase in BP > 15
mmHg were accepted. BRS was calculated as a
mean of the results of all the accepted tests.
Genotyping of Subjects
The insertion/deletion (I/D) polymorphism in intron
16 of the ACE (DCP1) gene (chromosome 17q23)
21and the methionine/threonine polymorphism
(M235T) in codon 235 of the angiotensinogen gene
(AGT, chromosome 1q42)22 were detected by
polymerase chain reaction (PCR), using the
conditions described previously.14 The subjects
were also genotyped by PCR for two recently
discovered polymorphisms in the aldosterone
synthase gene (CYP11B2, chromosome 8q22). The
details of the technique and the structure of the gene
have been described elsewhere.18,23 One of the
polymorphisms is located in the 5`flanking region,
or promoter, of CYP11B2, 344 nucleotides before
the start of the protein-coding sequence. This
position can be either a cytosine (-344C) or a
thymidine (-344T). The other is in the second intron
of the gene. In some individuals, the usual sequence
of this intron has been almost entirely replaced by a
sequence typically found in the related gene,
CYP11B1. Such replacement is termed gene
conversion, and the alleles at this locus will be
referred to as 1 (conversion) and 2 (no conversion).
In Population 1, genotype data were missing in the
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case of two men for CYP11B2, two women for
ACE, and one women for AGT polymorphism.
Blood Pressure Measurements
In Population 1, ambulatory BP was recorded using
the fully automatic SpaceLabs 90207 oscillometric
unit (SpaceLabs Inc., Redmond, Washington,
USA), which was set to take a measurement every
15 minutes from 4:00 AM till midnight and every
20 minutes from midnight till 4:00 AM. The
accuracy and reproducibility of BP readings
obtained with this device have been established
previously.24 The proper positioning of the cuff in
each case was ensured by means of the similarity
(difference < 5 mmHg) between four SpaceLabs BP
measurements and four auscultatory readings using
a Y-connector.

In Population 2, resting brachial artery cuff BP
was averaged over three measurements.
Statistical Analyses
The Statistical Package for the Social Sciences for
Windows, release 6.0, was used for data analysis. A
chi-square test was used to analyze the frequency
data and to assess the fit of the observed allele
frequencies to the Hardy-Weinberg distribution.
The coefficient of gametic linkage disequilibrium
was calculated by likelihood methods, and the
coefficient (D) is reported as the ratio of the
unstandardized coefficient to its maximal value.25

Continuous data are given as means (SD) according
to the genotypes. Gender differences were assessed
by unpaired t-test or Mann-Whitney test (skewed
data distribution). The differences between the
variables in the different genotype groups were
tested with ANOVA or the Kruskal-Wallis test
(skewed data distribution). A two-way ANOVA
(3x3 factorial design) with Bonferroni´s corrections
for multiple comparisons was used to test the
potential synergistic effect of the ACE and AGT
genes on BRS. Multiple regression analysis was
used to assess the quantitative effects of age, BP,
heart rate, body mass index, physical activity (log-
transformed), alcohol consumption (log-
transformed), smoking, serum cholesterol level, and
the use of estrogen or progesterone therapy on BRS.
For the regression model, the genotype effect was
assumed to be additive (or linear) (with scores 1, 2
and 3 assigned for -344TT, -344CT and -344CC,
respectively), dominant (with scores 1 for -344TT
and 2 for -344CT and -344CC combined), or
recessive (with scores 1 for -344TT and -344CT
combined and 2 for -344CC). Similar models were
used for the polymorphism in the intron region of
CYP11B2, the ACE gene polymorphism and the
AGT genotypes. The regression analysis was made
separately for men and women. Predictive values of

different genotypes for BRS tertiles were
calculated. The correlations between variables were
evaluated by Spearman´s correlation coefficient. A
value of P<.05 was considered statistically
significant.

Results
Population 1
Main characteristics, 24-hour BP, lifestyle data, and
-344C/T genotype in men and women are shown in
Table 1. There were no significant genotypic effects
on any variables, including BP. Similarly, the ACE
and AGT polymorphisms had no influence on any
of these basic data (not shown). The 24-hour
systolic (129±12 vs 123±11 mmHg, P<.001) and
diastolic (81±8 vs 77±7 mmHg, P<.001) BPs were
higher in men, but there was no significant sex
difference in body mass index. Men were more
often smokers and their total cholesterol and
triglyceride levels were higher and HDL cholesterol
lower those of women.

The genotype distributions of all polymorphisms
were in agreement with the Hardy-Weinberg
equilibrium both in men and in women. The
genotype prevalences and allele frequencies of the
promoter -344C/T and intron 2 conversion
polymorphisms by sex are shown in Table 2. The
data confirm linkage disequilibrium between the
two polymorphic loci in the CYP11B2 gene
(D=0.48, χ2=47.0, P<.0001). The genotype
distribution of the -344C/T polymorphism in 72
subjects with inadequate Valsalva maneuver was
similar to that in 315 subjects with adequate tests
(20 (30%) in -344TT, 39 (45%) in CT and 13
(25%) in CC genotype).

BRS was significantly lower in women than in
men (8.6 ± 4.0 and 11.0 ± 4.8 ms. mmHg-1,
respectively, P<.0001). In women, BRS was related
to the CYP11B2 promoter genotype, averaging
10.1±4.5, 8.7±3.8 and 7.1±3.2 ms. mmHg-1 in the -
344TT, CT and CC groups, respectively
(P=.003)(Figure 1); a comparable association was
observed between BRS and the intron 2
polymorphism (1/1: 11.1 ± 4.4; 1/2 8.9 ± 4.1; 2/2:
7.5 ± 3.4 ms . mmHg-1, P=.002). In men, by
contrast, BRS was unrelated to either the promoter
genotype (Figure 1) or the intron 2 genotype (data
not shown) of the CYP11B2 gene. In women, the
association of BRS with the CYP11B2 promoter
genotype was consistent with a gene dosage effect,
such that BRS increased in a linear relationship with
the number of -344T alleles carried by each woman
(F=13.1, df1, P=.0004, R2=.08).
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TABLE 1. Main characteristics of Men and Women in Different Genotype Groups by the Promoter -344 C/T Genotypes of
CYP11B2: Population 1

CYP11B2 Genotype
TT CT CC

Men n=34 n=72 n=46
Age, y 50 (6) 49 (6) 50 (6)
Heart rate, bpm 69 (9) 70 (9) 70 (10)
Average 24-hour systolic BP, mmHg 129 (10) 128 (12) 131 (15)
Average 24-hour diastolic BP, mmHg 82 (7) 81 (8) 82 (8)
Body mass index, kg/m² 26 (3) 26 (3) 26 (3)
Smoking, n of smokers/all 15/34 24/72 14/46
Physical activity score‡ 2.9 (1.0) 3.0 (0.9) 3.2 (1.0)
Alcohol consumption, g/day 13.5 (14.9) 13.8 (12.2) 10.1 (11.7)
Total cholesterol, mmol/L 5.8 (1.0) 5.7 (1.1) 5.7 (0.9)
HDL cholesterol, mmol/L 1.3 (0.3) 1.2 (0.3) 1.2 (0.3)
Triglycerides, mmol/L 1.4 (0.7) 1.5 (0.8) 1.5 (0.6)

Women n=39 n=79 n=43
Age, y 51 (6) 50 (6) 52 (6)
Heart rate, bpm 73 (9) 72 (8) 73 (9)
Average 24-hour systolic BP, mmHg 121 (12) 124 (11) 123 (9)†
Average 24-hour diastolic BP, mmHg 76 (8) 77 (7) 76 (7)†
Body mass index, kg/m² 26 (4) 26 (4) 24 (3)
Smoking, n of smokers/all 9/39 25/79 12/43*
Physical activity score‡ 3.2 (0.9) 3.2 (0.9) 3.1 (0.8)
Alcohol consumption, g/wk 3.7 (6.9) 3.0 (3.8) 3.8 (5.7)†
Total cholesterol, mmol/L 5.5 (1.1) 5.5 (1.1) 5.4 (1.0)*
HDL cholesterol, mmol/L 1.6 (0.4) 1.5 (0.4) 1.5 (0.3)†
Triglycerides, mmol/L 1.1 (0.4) 1.1 (0.5) 1.1 (0.4)†

BP indicates blood pressure. All values means (SD) except for smoking. *P<0.05 and †P<0.001 between men and women. ‡Score 1-5,
where 5 = highly active and 1 = sedentary. No differences were found between genotypes analysed by sex.

TABLE 2. Prevalence of Promoter -344 C/T and Intron 2 Conversion Genotypes of Aldosterone Synthase in Men
and Women: Population 1

Men Women
Genotypes n(%) Expected* n(%) Expected*

Promoter -344 C/T TT 34(23) 32 39(24) 38
CT 72(47) 76 79(49) 80
CC 46(30) 44 43(27) 42

Intron 2 † 1/1 24(16) 19 21(13) 21
1/2 58(38) 69 74(46) 74
2/2 69(46) 64 65(41) 65

*Expected number of genotypes by Hardy-Weinberg equilibrum. †Allele 1 carries a gene conversion from corresponding
intron of CYP11B1; allele 2 does not carry the conversion.

TABLE 3. Prevalence of -344C/T Genotypes in Tertiles of Baroreflex Sensitivity in Women: Population 1
Baroreflex Sensitivity (ms.mmHg-1)

1.4-5.9 6.0-10.0 10.1-19.6 N
-344 CC 23 11 9 43
-344 CT 24 27 28 79
-344 TT 6 15 18 39
N 53 53 55 161

χ2=14.3 (df=4), p=0.006.

TABLE 4. Prevalence of -344C/T Genotypes in Tertiles of Baroreflex Sensitivity:
Population 2

Baroreflex Sensitivity (ms.mmHg-1)
2.7-10.7 10.9-13.9 14.1-47.3 N

-344 CC 9 3 1 13
-344 CT 11 13 10 34
-344 TT 1 7 11 19
N 21 23 22 66

χ2=16.7 (df=4), p=0.002.

The distribution of the female population into
tertiles of BRS by C/T genotypes is shown in Table
3. Calculated from the data, the predictive value of
the -344CC genotype for low BRS (i.e. value in the
lowest tertile of the study group) was 53% in
women. By contrast, the predictive value of the -

344TT genotype for low BRS was only 15%.
Instead, this genotype predicted high BRS (i.e. a
value in the highest tertile of the study group) with
an accuracy of 49%.

There were no significant differences in BRS
between the different genotypes of ACE or AGT in
women or men. When ACE and AGT were added
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as factors in ANOVA (3x3 factorial design), no
significant synergistic effect of the AGT and -
344C/T genotypes on BRS was observed.

In univariate analysis, BRS was associated with
24-hour systolic BP in both men (r=-.22, P<.05) and
women (r=-.30, P<.0001). BRS was also weakly
related to age in men (r=-.18, P<.05), but not in
women (r=-.13, ns). The association between BRS

and the different genotypes of the CYP11B2 -
344C/T promoter polymorphism in age tertiles in
women is displayed in Figure 1. Although the same
trends were seen in all age tertiles, the association
was only significant among the women aged 41-46.
All but two women in this tertile were
premenopausal.
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Fig. 1. Individual data on BRS in relation to the -344C/T polymorphism in the promoter of CYP11B2 in women (Panel A) and
in men (Panel B) in Population 1 and in Population 2 (Panel C). Panel D, BRS (mean±±±±SEM) by the -344C/T polymorphism in the
promoter of CYP11B2 in age tertiles in women in Population 1. Horizontal lines indicate group mean values. *ANOVA.

In multiple regression analysis of the female
population, BRS was related to 24-hour systolic BP
(β=.38, P=.0067) and the -344C/T genotype of
CYP11B2 (CC=1, CT=2, TT=3;β=.37, P=.008),
but was independent of age (β=-.10, P=.45), body
mass index (β=-.14, P=.33), physical activity (score
1-5; β=.03, P=.81), daily alcohol consumption
(β=.03, P=.82), smoking (nonsmoker=1,

smokers=2;β=.07, P=.63), serum cholesterol (β=-
.20, P=.12), heart rate (β=-.01, P=.99), and the use
of estrogen or progesterone therapy (no therapy=1,
on therapy=2;β=-23, P=.07). In men, only 24-hour
systolic BP was an independent predictor (β=.39,
P=.013), while the other variables did not enter the
model. Different assumptions about the type of the
genotype effect did not alter the findings.
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Population 2

The genotype distributions and baseline
characteristics of the study population have been
described in full detail previously.17,18 There were
no significant differences in sex distribution, body
mass index, heart rate, BP, physical activity,
smoking, ethanol consumption or blood lipids
across the -344C/T genotype groups.18 Nor did the
ACE I/D polymorphisms have any influence on
these basic data.17 The -344C/T genotypes of 18
subjects with inadequate Valsalva maneuver were 3
(17%) -344TT, 8 (44%) CT and 7 (39%) CC.
In the total population of 37 women and 29 men,
ANOVA revealed a significant main effect of the -
344C/T genotype on BRS (Figure 1). The data were
consistent with a gene dosage effect; BRS increased

in a linear relationship with the number of -344T
alleles carried by each subject (F=21.1, df1,
P<.0001, R2=0.25). The association of BRS with
the -344C/T genotype was statistically significant in
both men (TT: 20.2 ± 10.8; CT 12.6 ± 6.5; CC:
10.0 ± 2.7 ms. mmHg-1, P=.037, ANOVA) and
women (TT: 18.1 ± 9.4; CT 13.0 ± 4.0; CC: 9.6 ±
5.0 ms. mmHg-1, P=.017, ANOVA). The
distribution of the subjects into tertiles of BRS by
the C/T genotype is shown in Table 4. Calculated
from the data, the predictive value of the -344CC
genotype for low BRS (i.e. a value in the lowest
tertile of the study group) was 69%. The predictive
value of the -344TT genotype for low BRS was
only 5%, but this genotype predicted high BRS (i.e.
a value in the highest tertile of the study group) with
an accuracy of 58%.

In women, BRS was also related to the intron 2
polymorphism of CYP11B2, averaging 18.9 ± 10.5,
14.6 ± 6.3 and 10.8 ± 3.9 ms. mmHg-1 in the 1/1,
1/2 and 2/2 genotype groups, respectively (P=.036,
ANOVA). The comparable trend in men was not
statistically significant (data not shown). There were
no differences in BRS between the I/D genotype
groups of ACE in either women or men (data not
shown). The sex difference in BRS did not reach
statistical significance (14.7 ± 8.3 in men and 13.5
± 6.3 ms. mmHg-1 in women, P=0.47).

In multiple regression analysis, BRS was related
to the -344C/T genotype of CYP11B2 (CC=1,
CT=2, TT=3;β=.49, P<.001), but was independent
of sex (male=1, female=2,β=.12, P=.34), body
mass index (β=.02, P=.92), serum cholesterol
(β=.11, P=.40), heart rate (β=-.15, P=.32), systolic
BP (β=-,09, P=.56), left ventricular mass (β=-.02,
P=.91), average daily physical activity (expenditure
of metabolic equivalents;β=.11, P=.37), smoking
(nonsmoker=0, 1-10 cigarettes/day=1, >10
cigarettes/day=2;β=.13, P=.32) and average daily
alcohol consumption (β=.05, P=.69).

Discussion
The present study is the first to suggest that
variation in a specific gene may influence
interindividual variation in BRS. The observed
associations between polymorphisms of the
aldosterone synthase gene (CYP11B2) and BRS
were not explained by any potentially confounding
factor and were particularly clear in a highly
homogenous youngerpopulation. Our findings
agree well with the earlier experimental and clinical
data suggesting a hereditary background for the
wide interindividual variation of BRS. 3-5,26-33

Thus far, there is limited information available
concerning the effects of CYP11B2 gene variation
on cardiovascular structure and function.8,23 A
recent report of studies in Population 2 suggested
that the -344CC genotype is a powerful predictor of

increased left ventricular mass and relatively
impaired left ventricular diastolic function.18 The
relationship between BRS and the CYP11B2
genotypes observed in the present study was,
however, independent of left ventricular mass.
Thus, the -344CC genotype may associate
independently with low BRS and left ventricular
hypertrophy, both of which predict increased
cardiovascular mortality.1,2,34,35Data from previous
clinical studies have not provided definitive answers
concerning the role of polymorphisms of the ACE
and AGT genes in BP regulation or other
cardiovascular disorders, such as left ventricular
hypertrophy or cardiac events.13,36 In line with
these studies, we did not find any significant
association between either ACE or AGT genotypes
and BRS.

The association of BRS with CYP11B2 gene
variation initially came out in a study of more than
500 randomly selected middle-aged non-
hypertensive subjects (Population 1). Since multiple
testing for genetic associations may notoriously lead
to chance findings even in non-mixed populations,
we repeated the study in a fully independent
population-based sample of younger healthy
subjects (Population 2). In support of our primary
data, an even stronger association of BRS with the
CYP11B2 genotypes was observed, this time not
only in women, but also in men. Although only
systolic BP and not age was related to BRS in
multivariate models in Population 1, aging and BP
have had independent effects on BRS in other
studies, 1,6,37-39 suggesting that the influence of
polymorphisms on BRS may be filtered out upon
aging in subjects with higher BP values.36

The genotypic effects were analyzed separately
for both sexes, because several previous studies
have shown significant gender-related differences in
the baroreceptor reflex control of heart rate in
various populations.40-43 In Population 1, an
association between BRS and the -344C/T
genotypes was observed only among women and,
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furthermore, mainly in those younger than 46 years,
who were predominantly premenopausal. The
observed sex difference in the genomic effect
among the middle-aged subjects is physiologically
plausible in the light of the prior studies and
analogous to the well-established gender difference
in BRS and BP regulation.40-44 Sex hormones may
modulate the effects of circulating angiotensin II,
aldosterone and cortisol at the receptor level in the
central nervous system and interact with
components of tissue RAS in the brain, heart,
vascular bed and adrenals.45-48 We do not know
why there was a sex difference in the association
between BRS and the -344C/T genotypes in
Population 1, but not in Population 2. However, the
subjects in Population 1 were older, and their BP
and body mass index were higher, which differences
may have modified the genetic influences on BRS.

The molecular mechanisms underlying the
association between BRS and CYP11B2
polymorphism cannot be deduced from this study.
Unfortunately, plasma concentrations of RAS
hormones were not available for the populations we
studied. However, it is reasonable to speculate that
one of the CYP11B2 polymorphisms we examined,
or an additional polymorphism in linkage
disequilibrium with it, alters CYP11B2 gene
expression in the adrenal cortex and thus influences
plasma aldosterone levels which in turn affect BRS.
Indeed, intravenous infusion of aldosterone impairs
BRS in both animal models and man.11,12 The -344
position is within an element that binds the
transcriptional regulatory factor, SF-149 and the -
344C/T polymorphism influences binding of SF-1
to this element. 23 However, current data on
associations of the -344C/T polymorphism with
aldosterone levels is contradictory with significant
genotype effects reported in both directions in
different populations.50-52 Alternatively, CYP11B2
is known to be expressed at low levels in both the
heart 53 and the vasculature,54 and autocrine or
paracrine effects of locally synthesized aldosterone
may account for the observed genotype effects.

Prognostic information on the role of baroreflex
function is based on phenylephrine-based BRS
measurements.1,2 The predictive significance of
BRS data obtained from a Valsalva maneuver is
unknown, but the measurements are reproducible
and correlate closely with indexes derived using the
invasive phenylephrine method.19,55-57 Indeed, the
stimulus to arterial baroreceptors obtained by the
relatively high expiratory pressure (40 mmHg) in
the Valsalva maneuver is close to the stimulus
obtained by a phenylephrine injection,55 and when
the baroreflex slope is analyzed, as in the present
study, from the overshoot phase of the Valsalva
maneuver,56 it is likely that the results of these two
methods are comparable. Importantly, we only
analyzed healthy subjects without apparent cardiac

diseases, which improves the accuracy and
eliminates pitfalls of the Valsalva test.58

Conclusions
Genetic variation in the aldosterone synthase
(CYP11B2) gene is associated with interindividual
variation in BRS. Because low BRS is a marker of
increased risk of cardiovascular morbidity and
mortality, the clinical and prognostic significance of
CYP11B2 polymorphism merits further
investigation.
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