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Summary

It has been known for many years that baroreflex sensitivity is
lowered in hypertensive patients. There are several known
factors implicating this association, e.g. high blood pressure leads
to remodeling of the carotid arterial wall, to its stiffness and to a
diminished activation of baroreceptors; leptin released from a
fatty tissue activates the sympathetic nervous system etc. On the
other hand, low baroreflex sensitivity (BRS, usually quantified in
ms/mmHg) can be inborn. Studies on primary hypertension in
children and adolescents have brought new information about
the role of baroreflex in the development of an early stage of
primary hypertension. BRS lower than 3.9 ms/mmHg was found
in 5 % of healthy subjects. This value approaches the critical
value for the risk of sudden cardiac death in patients after
myocardial infarction and corresponds to the value present in
hypertensive patients. A decreased BRS and BRSf (baroreflex
sensitivity expressed in mHz/mmHg, index independent of the
mean cardiac interval), was found not only in children with
hypertension, but also in those with white-coat hypertension.
This is in accordance with a single interpretation. The decrease of
BRS/BRSf precedes a pathological blood pressure increase. The
contribution of obesity and BRS/BRSf to the development of
hypertension in adolescents was also compared. Both factors
reach a sensitivity and a specificity between 60 % and 65 %, but
there is no correlation between the values of the body mass
index and BRS either in the group of hypertensive patients or in
healthy controls. If a receiver operating curve (sensitivity versus
specificity) is plotted for both values together using logistic
regression analysis, a sensitivity higher than 70 % and a
specificity over 80 % are reached. This means that low baroreflex
sensitivity is an independent risk factor for the development of
primary hypertension. Studies demonstrate that adolescents with
increased blood pressure and with BRS under 7 ms/mmHg should

be given care and intensively motivated to change their lifestyle
including a change in diet and increase in physical activity.
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Introduction

Primary hypertension in adults is one of the most
important problems of health care in the world. High
blood pressure is estimated to be responsible yearly for
approximately 6 million disability-adjusted life years
(DALYs) lost in the EU. A higher harmful effect is
produced by tobacco with 7 and a half million DALY
lost, whereas alcohol, overweight and cholesterol are
responsible for 4 million DALYs lost, and other risk
factors as low physical activity, low fruit and vegetable
intake, drugs and occupational risks are responsible for a
loss in a range between half and one and a half million
DALYs per year (Health and Consumer Protection
Directorate 2006).

There is a linear relationship between blood
pressure and the relative risk of ischemic heart disease
and stroke, but these are not the diseases of adolescence.
This corresponds to the fact that the prevalence of
hypertension linearly increases with age. It is under 5 %
for men between 18 and 29 years of age, 40 % at the age
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between 50 and 59 years, and 60 % at the age over 80
years. The regression line of increasing prevalence of
hypertension starts in women 10 years later, but it has a
steeper slope, so that prevalence of hypertension in
women older than 80 years is 70 % (Kaplan 2001).

Primary hypertension is not known in newborns.
Chronic hypertension can be seen in renal artery stenosis
of thrombosis, congenital renal structural abnormalities,
coarctation of the aorta, and bronchopulmonary
dysplasia. Wilms' tumour joins these diagnoses in infancy
up to 6 years. At the age between 6 and 10 years, primary
hypertension could be rarely seen besides renal structural,
inflammatory and parenchymal diseases, and renal artery
stenosis. In adolescents, primary hypertension and renal
parenchymal diseases occur. It is evident that renal
hypertension is the main problem in childhood (Kaplan
2001).

When high blood pressure is measured in a child
without any of the diagnoses listed above, blood pressure
values taken at a repeated measurement are lower than
the first measured value, and the sensitivity of a high
pressure value which was measured in a child, is only
0.17 for a diagnosis of hypertension 10 years later
(Kaplan 2001). This finding is not surprising. A drop of
values during repeated measurements corresponds to the
statistical phenomenon of a regression to the mean and
further to the fact that high values of blood pressure could
be influenced by a stress response which is stimulated by
many examinations during childhood. Psychological
stress increases sympathetic activity and leads to a
sensitivity. The
sympathetic activity has a harmful effect especially in

decrease of Dbaroreflex increased
older population, but it is not clear whether this is also the
case in children and adolescents. It is reported that the
prevalence of essential hypertension in adolescents
increases and that it could be linked with increased
obesity (Freedman et al. 1999, Sorof et al. 2002). We had
studied especially the role of baroreflex in the
development of essential hypertension in children and

adolescents for several years (Novakova et al. 2000).

Ambulatory blood pressure monitoring

In 1948 Franz Halberg (University of
Minnesota) suggested the use of a 24-h blood pressure
monitoring as the basic diagnostic method of

hypertension. This method became a standard routine
40 years later. So far, comparing the accuracy of a
diagnosis of hypertension considered by measurements in

outpatient clinics with that determined by a 24-h blood
pressure monitoring, it is at about 40 %. It has been used
in daily practice to diagnose hypertension by repeated
measurements of blood pressure in outpatient clinics, but
this is unsatisfactory for scientific purposes. Therefore,
we use 24-h blood pressure monitoring in all our genetic
studies, studies of impairment of baroreflex, and in
studies of negative side effects of drug therapy.

Baroreflex sensitivity

Baroreflex is the most important nervous
regulatory mechanism of blood pressure homeostasis.
However, this unquestionable fact does not give the
possibility of deciding whether baroreflex plays a role in
the development of essential hypertension. It has been
known for many years that baroreflex sensitivity is
lowered in hypertensive patients (Gribbin et al. 1971).
This is not surprising. High blood pressure leads to
remodeling of the carotid arterial wall, its stiffness
increases, and the stiff carotid sinus is less distensible
during a blood pressure increase. Baroreceptors as
mechanoreceptors stimulated by distension of the carotid
wall are therefore less activated. We have proved a
correlation between the thickness of the carotid intima-
media, hypertension, and low baroreflex sensitivity in
adults (Honzikova et al. 2006a). Nevertheless, the answer
to the question whether primary low baroreflex sensitivity
could also be the cause of the development of
hypertension remained unsolved. It was supposed that
baroreflex was unsubstantial for the development of
essential hypertension for a long time. There are three
fundamental objections to baroreflex involvement in the
long-term control of mean blood pressure based on the
following experiments (Cowley 1992).

Immediately after baroreceptor denervation in
experimental animals, blood pressure is increased by
more than 50 mmHg, but during several days blood
pressure returns to the original level because of a loss of
blood volume by an increased urinary output. The result
is an increase of blood pressure variability with the mean
value of blood pressure corresponding to the value before
the denervation.
of the
relationship between a blood pressure value and

In hypertonic patients the curve
activation of baroreceptors is shifted to higher values of
blood pressure relating to baroreceptor activation, known
as resetting. The baroreflex gain was found insufficient to
account for long-term stability of mean blood pressure.
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Based on the interpretation of these experiments
it was concluded that the main function of baroreflex is
the short-time regulation of blood pressure. However, the
recent experiment with chronic electrical stimulation of
the carotid baroreceptor afferent nerve fibers and chronic
recording of renal sympathetic activity as well as some
other experiments demonstrated the role of baroreceptors
in the-long term control of blood pressure (Brooks and
Sved 2005, Thrasher 2005). The experiments with long-
term monitoring of experimental animals demonstrated
that baroreflex plays a more important role in the
cardiovascular physiology than was formerly supposed.
In addition, the latest study of the therapy of chronic
hypertension resistant to antihypertensive drugs by a
stimulation of carotid nerves showed that baroreflex is
likewise effective in long-term blood pressure regulation
(Filippone and Bisognano 2007). It seems that it is time
for a re-evaluation of the physiological function of
baroreflex. In our opinion, it is necessary to include into
consideration also the anatomical and evolutionary
aspects.

The locations of baroreceptors in arteries
supplying the brain suggest their possible role in cerebral
circulation. The perfusion of various areas of brain during
cerebral activity is fine-tuned, and one of the important
mechanisms keeping the brain perfusion constant is
represented by autoregulation. A rapid decrease of blood
pressure by 20-30 mmHg elicits a decrease of vascular
brain resistance which can be demonstrated by ultrasonic
measurement of blood flow velocity in the middle
cerebral artery and blood flow in the common carotid
artery in humans (Savin et al. 1997). This autoregulation
is shifted to higher pressures in hypertensive subjects; the
decreased brain perfusion with clinical consequence
caused by a rapid, therapeutically induced decrease of
blood pressure is the result (Strandgaard and Haunso
1987). It can be concluded that the protection of brain
vessels is an important function of baroreflex activity.
Lower blood pressure also decreases the load on the heart
and its metabolic demand. This role is not so important
because increased load of the heart by increased blood
pressure in a giraffe does not have negative consequences
for the life of this animal. The perfusion of brain is more
important.

However, this speculation does not answer the
question why baroreflex is important if blood pressure
can be decreased by renal pressure natriuresis.

The answer is provided by the reaction of blood
pressure on movement. In baroreceptor-intact animals the

movements elicit an increase of blood pressure, which
improves the perfusion of the working muscles. This
response is missing in baroreceptor-denervated animals
(Nishida et al. 2002). A short-term attenuation of the
baroreflex gain for the time of exercise brings an
advantage in the evolution because of better perfusion
and thus a better oxygen supply of muscles during the
fear and rage reactions. The increase of blood pressure is
too short to elicit remodeling of the arterial wall of
cerebral arteries. The protection of brain arteries is
abolished for a short time only.

On the other hand, the baroreflex resetting as
seen in hypertensive subjects and experimental animals is
of no advantage in the evolution. Because of the resetting,
baroreflex ceases to play a protective role in the
hypertensive subject and a possible damage of brain
vessels is inevitable. Despite these negative
consequences, the baroreflex resetting is a unique
mechanism, which makes the function of the baroreflex
possible.

There are no etalons for measurement calibration
in the human and animal body. This is valid e.g. for both
blood pressure and blood glucose concentration. If the
response of insulin secretion to the increase of blood
glucose is too high, a down-regulation of the insulin
receptors takes place so that the concentration of glucose
remains on a constant level for the most part of the day.
For baroreflex, the mean blood pressure determines the
value of the set point of the baroreflex for several hours.
This fact complicates the explanation of the role of
baroreflex in hypertension. However, the role of the
resetting of baroreceptors in hypertension should not be
overestimated because the majority of hypertensive
patients are “dippers”, with almost normal values of
blood pressure during the night.

The above-described facts suggest that
baroreflex plays a role in the development of
hypertension, although explicit proofs are missing. We
supposed that a study of baroreflex sensitivity in children

might give answer to such a question.
Study of baroreflex sensitivity in children

The first method for the heart rate baroreflex
sensitivity determination was based on intravenous
administration of phenylephrine and measurement of
blood pressure increase followed by prolongation of
cardiac intervals (BRS, quantified in ms/mmHg). At the
age between 16 and 50 years, a baroreflex sensitivity is
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decreasing in both normotensive people and hypertensive
patients (Gribbin et al. 1971). Naturally, for the ethical
reason such a method was inapplicable in
pathophysiological studies in children.

We had a method, which enabled us to approach
the baroreflex sensitivity evaluation in children for many
years. In the early nineties of the previous century we had
developed a non-invasive method of heart rate baroreflex
sensitivity determination by spectral analysis of the
continuous non-invasive blood pressure recording in
1992). Using this

method, we showed a BRS decrease in patients after

finger arteries (Honzikova et al.

myocardial infarction aged between 50 and 70 years. On
the other hand, it seemed that BRS in children did not
change with age (Semrad et al. 1998). As we found large
interindividual differences in resting values of BRS in
children and young adults and since BRS has been known
to react sensitively to different types of load including
mental stress (Honzikova et al. 1996), we performed a
study of reproducibility of BRS in which we confirmed
its individually characteristic features (Jira et al. 2006).
Our non-invasive method enabled us to study
BRS in larger groups of children. We examined 415
children, adolescents, and young adults between 11 and
20 years. In this group, we did not find any significant
age-dependent change of BRS if determined as usually in
ms/mmHg. However, we did find a significant age-
dependent BRS decrease in this group similar to adults,
when baroreflex sensitivity was expressed by the BRSf
index in mHz/mmHg (Zavodna et al. 2006). This is
because the cardiac interval gets prolonged in this age
period and BRS correlates positively with the cardiac
interval. BRSf is an index independent of cardiac
interval. After normalization of BRS on the cardiac
interval by multiregression analysis, its decrease with age
is also proved in childhood and adolescence (Zavodna et
al. 2006). It seems that an age-dependent decrease of
BRS is caused by an age-dependent increase of arterial
stiffness, which was documented by an increase of the
pulse wave velocity in many studies. A further interesting
finding is the fact that we found BRS lower than
3.5 ms/mmHg in 5 % of healthy subjects in this group of
children, adolescents, and young adults. Such low BRS
approximates the critical value of BRS for sudden cardiac
death in patients after myocardial infarction (Honzikova
et al. 2000), and it corresponds to the value that we found
in hypertonic patients (Honzikova et al. 2006a). This
indicates that the later development of hypertension is to
some extent predetermined by low BRS in childhood as

one of the risk factors for essential hypertension in
adulthood. We tried to get some support for such
hypothesis in our further studies.

Baroreflex sensitivity in children with white
coat hypertension

We compared 54 subjects aged between 11 and
21 years, who had repeatedly high casual blood pressure
(higher than 95th percentile limit of blood pressure for
the corresponding age at three consecutive measurements
taken at least one week apart) with an age-matched
control group of 108 subjects (Honzikova et al. 2006b).
Based on 24-h blood pressure monitoring the tested group
with higher blood pressure was divided into two groups —
with either hypertension or white-coat hypertension. We
found decreased BRS in both these groups tested. We
supposed a lower BRS in hypertonic subjects, but the
finding of a significantly lower BRS in those with white-
coat hypertension answers the question what is first —
hypertension or low BRS. Children, adolescents, and
adults
physiological blood pressure over 24 hours and there is

young with white-coat hypertension have
no reason for remodeling the vessel’s wall. Nevertheless,
they have lower BRS (and BRSf as well) than healthy
controls. These results suppose the only interpretation —

low BRS precedes blood pressure increase.
Genetic disposition

Nowadays there is no doubt that the disposition

to the of essential hypertension is

genetically conditioned. It is beyond the extent of this

development

paper to give a review of all the factors studied. But what
are the data about genetic differences in the gain of
baroreflex?

Older human studies provided estimates of the
genetic effect on BRS indirectly. Normotensive and
borderline hypertensive subjects with a family history of
hypertension exhibited a decrease in BRS compared with
normotensives without a family history of hypertension
(Iwase et al. 1984). Tank et al. (2001) assessed the
genetic influence on BRS in 149 monozygotic and
dizygotic twin pairs. BRS did not differ significantly
between these two groups, but the variance and
covariance analysis showed a significant correlation for
BRS in monozygotic twins only. This correlation was
only slightly attenuated after correction for the body mass
index and blood pressure. Thus, BRS heritability was



2009

Baroreflex Sensitivity and Hypertension in Youth 609

shown. It was suggested by Kardos et al. (2001) that a

significant part of interindividual differences in
baroreflex sensitivity may reflect genetic heterogeneity.
Genetic studies were a logical step in the verification of
this hypothesis.

The genetic contribution to the sensitivity of
baroreflex control of heart rate could be supposed in
different properties of the components of the baroreceptor
reflex arc, including baroreceptors, baroreceptor afferent
nerves, central neuronal transmission serving the
baroreflex, efferent autonomic pathways and sinoatrial
node. Numerous ligands, receptors, and channels have to
be taken into account. Many factors acting in the
peripheral system also exist independently in the brain,
such as the renin-angiotensin system, nitric oxide, and
endothelin-1. Therefore it might be expected, with respect
to such a high number of components involved in
baroreflex, that only large studies on numerous probands
can give reliable information. To overcome this
complication, twins are often studied (Gollasch et al.
2002). Current studies have brought promising data.

Ormezzano et al. (2005) suggested that the
endothelin system may be involved in the regulation of
BRS in humans. In particular, the T allele of the
EDNRA/C+1222T polymorphism is associated with a
reduction in BRS in both healthy and hypertensive
subjects. It is supposed that aldosterone may have direct
effects on the cardiovascular system in addition to
regulation of renal sodium resorption. A polymorphism
(-344C/T) in the promoter of the aldosterone synthase
(CYP11B2) gene, the presence of —344C allele, is
strongly associated with decreased baroreflex sensitivity
in healthy individuals (White at al. 1999, Ylitalo et al.
2000). Gollasch et al. (2002) reported that genetic
variation in the gene encoding the B1 subunit of calcium-
activated potassium channels (KCNMBI) is associated
with altered baroreflex function and heart rate variability.
It was observed that a decrease in the transcription of the
bradykinin B, receptor gene in the presence of the B2R
—58C allele could reduce BRS via the diminished effect
of bradykinin (Milan et al. 2005). We have found a
A1166C

polymorphism in the AT, receptor gene (Jira e al. 2007).

linkage of Dbaroreflex sensitivity with

Low baroreflex sensitivity as an independent
risk factor for essential hypertension

It has been known that obesity is associated with
a higher risk of high blood pressure in both adults and

children (Rahmouni e al. 2005, Lurba et al. 1998). We
compared 34 hypertonic adolescents (average age 16.6
years) with 52 healthy controls of corresponding age
(Krontorddova et al. 2008). Hypertonic subjects had
significantly lower BRS and a significantly higher body
mass index (BMI). No correlation was found between
BMI and BRS either in the group of hypertonics or in
controls. The predicting power of BMI, BRS, and a
combination of both factors for hypertension was
evaluated by sensitivity and specificity. Optimal critical
values were determined by the receiver operating curve
(ROC), i.e. a plot of sensitivity versus specificity for
moving critical values in steps. When we used optimal
critical values of 22.2 kg/m’ for BMI and 7 ms/mmHg for
BRS for the prediction of hypertension diagnosed by
24-hour blood pressure monitoring and calculation of
sensitivity and specificity of each factor, we obtained
values of sensitivity of both factors over 60 % and of
specificity over 65 %. As we used the ROC curve for
both factors together with logistic regression analysis, we
obtained sensitivity over 70 % and specificity over 80 %.
This means that low BRS is an independent risk factor for
the development of essential hypertension.

In the majority of children and young people,
mean blood pressure is low for the most part of the day.
A moderate increase of blood pressure is observed during
exercise in some cases, but it is limited for relatively
short time periods during the day. Due to getting nervous,
some children have higher blood pressure in the doctor’s
office than during the normal daytime activity. Increased
blood pressure is elicited by an increase of the
sympathetic nervous activity and is blunted by baroreflex.
This suppression of blood pressure increase is more
pronounced in children with high baroreflex sensitivity.
On the other hand, in children with low BRS the
suppression is insufficient and white-coat hypertension
occurs.

In obese children, the situation is different. Fatty
tissue produces leptin and this substance increases the
sympathetic activity for the whole day. The high BRS can
compensate the influence of the sympathetic activity on
blood pressure; the mean blood pressure remains normal
as well as the set point of the baroreflex. In children with
both obesity and
sympathetic activity by leptin secretion and thus the

low Dbaroreflex, the increased
increased blood pressure is not sufficiently suppressed by
the baroreflex; baroreflex resetting moves the set point of
the baroreflex to higher values of blood pressure, and
hypertension is a consequence (Honzikova et al. 2006b).
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In older people the situation is complicated by more risk
factors but there is no reason to suppose that the role of
obesity and baroreflex is different.

Conclusions for clinical practice and for
further studies

Our studies yield results important for clinical
practice and could change the current recommendations.
Non-invasive baroreflex sensitivity should be examined
in children and adolescents with a high causal blood
pressure repeatedly measured. Patients with BRS under
7 ms/mmHg should be more intensively observed and
motivated to change their lifestyle including a lower-
calorie diet and a greater physical activity. It is also
necessary to take into account the risk of hypochondria,
but this is not too high. Blood pressure measurement at
home by an automatic device is neither time-consuming
nor technically difficult. Top sport has high prestige in
young people and top sportsmen are continuously
medically examined. An encouragement to physical
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