
PRO
O

F                   

PRO
O

F                   
©  S. Karger AG, Basel 

PROOF Copy 
for personal 
use only
ANY DISTRIBUTION OF THIS 
ARTICLE WITHOUT WRITTEN 
CONSENT FROM S. KARGER 
AG, BASEL IS A VIOLATION 
OF THE COPYRIGHT. 

Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Original Paper 

 Kidney Blood Press Res 137 
 DOI: 10.1159/0000XXXXX 

 Hyperventilation-Induced 
Cerebrovascular Reactivity among 
Hypertensive and Healthy Adolescents 

 Georgios Settakis   

 a     Dénes Páll   

 b     Csilla Molnár   

 c     Éva Katona   

 b     Dániel Bereczki   

 a     

Béla Fülesdi   

 c  

  a 
   Department of Neurology,  b 

   First Department of Medicine, and  c 
   Anesthesiology and Intensive Care,

University of Debrecen, Health and Medical Science Center,  Debrecen , Hungary
 

jects than in hypertensive adolescents.  Conclusions:  Cere-
brovascular reactivity to hypocapnia is decreased in hyper-
tensive adolescents as compared to healthy teenagers. 
Further studies are needed to clarify the clinical significance 
of altered cerebral microvascular function in adolescent hy-
pertension.  Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Hypertension is one of the most important risk factors 
for cerebral angiopathies. Both macro- and microvascu-
lar functions may be affected. Macrovascular changes in-
clude increased intima-media thickness, stenoses and oc-
clusions of the large cerebral arteries  [1, 2] . It is also wide-
ly accepted that chronically increased blood pressure 
induces alterations in the cerebral arteriolar tone and 
shifts the cerebral autoregulatory curve toward higher 
blood pressure values  [3] . Due to this mechanism, the 
brain arteriolar tone chronically increases in order to 
keep the cerebral blood flow constant. As a consequence 
of this increased arteriolar tone, a decreased reactivity 
against vasodilatory and vasoconstrictory stimuli may be 
present. This decreased arteriolar reactivity can be dem-
onstrated by measuring cerebral hemodynamics under 
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 Abstract 
  Background:  It is known that cerebral vasoreactivity is al-
tered in adult arterial hypertension but no information is 
available about cerebral arteriolar function in hypertensive 
adolescents. Therefore, the aim of the present work was to 
assess cerebral vasoreactivity responses in adolescent hy-
pertension.  Methods:  113 hypertensive and 58 normoten-
sive adolescents were assessed with transcranial Doppler
sonography by using voluntary hyperventilation (HV) as
vasoconstrictory stimulus. Absolute blood flow velocities 
(systolic, mean and diastolic) and pulsatility indices (PIs) at 
rest and after HV, as well as percentage change of the blood 
flow velocities after HV were compared among the groups. 
 Results:  Blood flow velocities at rest were significantly high-
er in hypertensive individuals, while PIs were similar in the 
two groups. After HV, all blood flow velocity parameters 
were higher among hypertensive teenagers than in healthy 
controls, while PIs did not differ between the two groups. 
Taking the relative changes after HV into account, it was 
found that HV induced a more pronounced change of the 
systolic and mean blood flow velocities of the control sub-
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administration of different vasoactive stimuli, such as in-
travenous acetazolamide  [4] , CO 2  inhalation  [5]  and de-
creasing systemic blood pressure  [6] .

  Previous vasoreactivity tests exclusively reported on 
adult hypertensive patients and no information is avail-
able so far about cerebral hemodynamics assessed in ad-
olescent hypertension. Although adolescent hyperten-
sion is not very frequent (the prevalence varies from 0.4 
to 12% in epidemiological studies  [7–10] ), it may predict 
hypertension and increased cardiovascular risk during 
adulthood  [11–15] . As altered cerebral vasoreactivity nor-
malizes some months after initiation of an effective anti-
hypertensive treatment  [16] , the importance of diagnos-
ing altered cerebral microvascular function in adolescent 
hypertensive patients is of high importance. It is believed 
that early diagnosis and proper treatment decreases the 
incidence of secondary organ damage caused by hyper-
tension. For assessing cerebral hemodynamics in adoles-
cents, we included patients and control subjects from the 
population-based cohort of the Debrecen Hypertension 
Study  [17]  in order to answer the following two questions: 
Can we detect differences between cerebral blood flow 
velocities of healthy and hypertensive adolescents? Is 
there any difference between cerebral vasoreactivity of 
healthy and hypertensive teenagers as measured during 
hyperventilation tests?

  Subjects and Methods 

 Healthy and hypertensive adolescents were asked to partici-
pate in the present study. This was a part of a population-based 
screening program which aimed to assess the prevalence and the 
influencing factors of adolescent hypertension in Debrecen, a city 
of 230,000 inhabitants  [17] . At baseline investigations, 10,359 sub-
jects underwent three consecutive blood pressure measurements 
(Omron M4 digital oscillometry manometer; Omron, Healthcare 
GmbH, Hamburg, Germany). The three systolic and diastolic 
blood pressure values were averaged. Based on age, gender and 
height, 32 subgroups of subjects were formed in order to draw the 
90th percentile values of the blood pressure measurements. Those 
adolescents whose blood pressure was above the limit of the 90th 
percentile underwent an additional 2  !  3 blood pressure mea-
surement with an interval of 3 months each. Originally, 1,641 
teenagers were found to have blood pressure values greater than 
the 90th percentile, among them 1,461 decided to participate in 
the further investigations. In these 1,461 adolescents the nine ca-
sual blood pressure values were averaged and compared with the 
95th percentile BP values of the original population (n = 10,359). 
Finally, arterial hypertension was proven in 216 adolescents. 113 
of the 216 hypertensive teenagers and 58 from the healthy control 
group decided to participate in the present study.

   Transcranial Doppler measurements:  The middle cerebral ar-
tery was insonated at 50 mm depth through the temporal window 

on both sides. Systolic, mean, diastolic blood flow velocities and 
pulsatility indices were recorded. Measurements were performed 
both at rest and after 60 s of voluntary hyperventilation (HV). 
Subjects were asked to perform serial deep inspirations with a 
frequency of approximately 25–28/min on average. The second 
transcranial Doppler measurement was performed exactly 60 s 
after starting the HV procedure. All measurements were per-
formed by the same investigator (G.S.), who was unaware of the 
patients’ condition (hypertensive or not).

   Statistical analysis:  Means and standard deviations were cal-
culated for all values. For statistical evaluation both absolute val-
ues of the different parameters and the percent changes after HV 
were taken into account. The percent changes were calculated 
based on the following formula:

  % change = 100  !  (MCA test  – MCA rest )/MCA rest.

  The statistical distribution of the data was evaluated by the 
Shapiro-Wilk test. If this showed a non-normal distribution, 
Kruskall-Wallis test was used for further analysis. Parameters 
with normal distribution were compared by t tests. A p  !  0.05 
value was decided to indicate statistically significant differences.

  Results 

 The most important characteristics of the hypertensive 
and control groups are summarized in  table 1 . 55 female 
and 58 male hypertensive teenagers were studied. The con-
trol group consisted of 29 females and 29 males. The dif-
ference between the numbers of hypertensive and non-hy-
pertensive subjects can be explained by the different will-
ingness of the teenagers in being subjected for further 
investigations. The age of the hypertensive individuals was 
somewhat higher than that of the control group, corre-
sponding on average to a 6-month difference. There were 
no differences in height. Body mass index was significant-
ly higher among hypertensive teenagers than in control 
subjects. Although serum glucose, creatinine, total and 
LDL cholesterol levels were higher in the hypertensive 
group, all these parameters were within the normal limit.

   Transcranial Doppler measurements:  Middle cerebral 
artery blood flow velocities in the resting state are depict-
ed in  figure 1 . Mean and diastolic blood flow velocities 
were significantly different in the hypertensive and in the 
normotensive control group. In contrast, systolic blood 
flow velocities (hypertensive: 112.5  8  29.5, control: 109.6 
 8  23.0 cm/s, p = 0.47) and pulsatility indices (hyperten-
sive: 1.06  8  0.26, control: 1.09  8  0.19, p = 0.36) were 
similar among adolescents suffering from hypertension 
and in controls. Transcranial Doppler sonography pa-
rameters after 60 s of HV are depicted in  figure 2 . After 
hyperventilating, all the three blood flow velocity param-
eters were higher among hypertensive teenagers than the 
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healthy controls, while pulsatility indices did not differ 
between the two groups (hypertensive: 1.59  8  0.53, con-
trol: 1.58  8  0.35, p = 0.95). The percent changes of the 
different transcranial Doppler parameters after HV are 

summarized in  table 2 . Taking the relative changes after 
HV into account, it was found that HV induced a more 
pronounced change of the systolic and diastolic blood 
flow velocities of the control subjects than in hypertensive 
adolescents. No significant difference was found between 
relative changes in mean blood flow velocities and pulsa-
tility indices of the hypertensive and control group.

  Discussion 

 In our study we demonstrated higher baseline blood 
flow velocities among hypertensive adolescents as com-
pared to those of healthy teenagers. A further observation 
of the present report is that vasoconstrictory ability of the 
cerebral arterioles is decreased in hypertension, indicat-
ing cerebral arteriolar dysfunction.

Hypertensive Control Significance

Female/male 55/58 29/29 NS
Age, years 16.481.1 15.880.7 p < 0.001
BMI, kg/m2 22.884.1 20.282.6 p < 0.001
Glucose, mmol/l 5.581.3 4.781.1 p < 0.001
Carbamide nitrogen, mmol/l 4.781.1 4.481.1 NS
Creatinine, �mol/l 86.6813.6 72.589.7 p < 0.001
Triglyceride, mmol/l 1.080.6 0.980.7 NS
Cholesterol, mmol/l 4.380.8 3.980.6 p < 0.01
HDL cholesterol, mmol/l 1.480.3 1.882.7 NS
LDL cholesterol, mmol/l 2.380.7 2.180.5 p<0.01

Table 1. Characteristics and laboratory 
results of the investigated adolescents 
(values are mean 8 SD)

  Fig. 1.  Blood flow velocities in hypertensive and healthy adoles-
cents at rest. 

  Fig. 2.  Blood flow velocities in hypertensive and healthy adoles-
cents at 60 s of voluntary HV. 

Table 2. Percent changes of the transcranial Doppler parameters 
after 60 s hyperventilation as compared with the resting value 
(values are means 8 SD)

Hypertensive
(n = 113)

Control
(n = 58)

p value

Systolic 21.0819.0 25.9812.5 <0.05
Mean 32.3814.7 35.6815.8 0.18
Diastolic 40.4818.1 45.5815.2 <0.05
PI 54.8854.2 47.1830.4 0.27
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  The absolute blood flow velocities in the present study 
were different among healthy and hypertensive individu-
als both at rest and after HV. Although this was true for 
all velocities (i.e. systolic, mean and diastolic velocities), 
the most important parameter to take into account is 
mean blood flow velocity, because transcranial Doppler 
sonography does not measure cerebral blood flow, only 
changes in mean cerebral blood flow velocities are pro-
portional to blood flow changes in the corresponding 
vascular territory. Therefore, in the further discussion we 
focus mainly on mean blood flow velocity values.

  Previous cerebral blood flow measurements were 
mainly performed on adult, middle-aged hypertensive 
and normotensive individuals and little information is 
available about cerebral hemodynamics in adolescence. 
The middle cerebral artery blood flow velocities mea-
sured in the present study correspond to those observed 
among healthy adolescents by Brouwers et al.  [18] . Many 
previous studies stated that cerebral blood flow and cere-
bral blood flow velocities are similar in hypertensive and 
normotensive adults  [3, 19, 20] . Other investigators re-
ported higher cerebral blood flow velocities among hy-
pertensives as compared to healthy individuals  [4, 21, 22]  
and our results are in accordance with these results. To 
explain the discrepancies between the two sets of obser-
vations, we have to note that the study populations were 
generally different: those who observed similar blood 
flow velocities among hypertensive and normotensive in-
dividuals mainly included middle-aged patients  [3, 19, 
20] , while in the other group of reports younger patients 
were assessed  [4, 21, 22] . It is known that resting cerebral 
blood flow velocity shows a decreasing tendency over age. 
Therefore, it is conceivable that aging mimics and equal-
izes the slight differences, which are present in younger 
age. This is also supported by the observations of Lipsitz 
et al.  [5]  who found that resting blood flow velocities were 
higher in younger subjects than those observed in nor-
motensive or hypertensive elderly patients and velocities 
measured in the latter two groups were equal.

  HV induces reduction in arterial CO 2  partial pressure. 
Hypocapnia results in vasoconstriction of the cerebral 
arterioles and therefore cerebrovascular resistance in-
creases. Transcranial Doppler sonography enables the 
non-invasive detection of the blood flow velocities within 
the large cerebral arteries forming the circle of Willis. 
After an increase in cerebrovascular resistance evoked by 
HV, a decrease of the blood flow velocities in the large 
vessels will occur  [18, 23, 24] . It has been demonstrated 
that the diameter of the large cerebral arteries remains 
stable during the vasoreactivity maneuver  [25, 26] . There-

fore, changes in blood flow velocities measured by trans-
cranial Doppler sonography during hypocapnia reflect 
the increase of the vascular tone at the level of the cerebral 
arterioles and are proportional to changes of cerebral 
blood flow in the territory of the assessed artery. A good 
short- and long-term reproducibility of the HV-induced 
cerebral vasoreactivity responses was demonstrated pre-
viously  [27]  and the method has been used in different 
conditions for assessing cerebrovascular reactivity  [28–
30] .

  Decreased cerebral vasoreactivity among hyperten-
sive patients as compared to healthy volunteers has been 
already observed in several studies  [4, 5, 19, 29, 31] . The 
majority of these previous studies assessed vasoreactivity 
during hypercapnic stimuli, such as CO 2  inhalation  [5] , 
intravenous acetazolamide  [4] , physical exercise  [19]  and 
breath-holding  [31] . HV test, assessing the effect of hypo-
capnia on cerebral hemodynamics, was performed only 
in two studies of hypertension  [28, 29] . In their small 
study, Malatino et al.  [29]  compared cerebral vasoreactiv-
ity in hypertensive and healthy adults during HV. They 
found that cerebral vasoreactivity was of similar extent in 
hypertensive and normotensive individuals and the only 
finding was that blood flow velocities normalized faster 
in the hypertensive group after stopping HV. A similar 
observation has been described by Zatik et al.  [28]  in pre-
eclamptic pregnant women.

  The pathophysiological background of these altered 
cerebral vasoreactivity responses is related to the mecha-
nism of cerebral autoregulation. The main goal of this 
mechanism is to maintain a constant cerebral blood flow 
during alterations of the cerebral perfusion pressure. As 
cerebral perfusion pressure is proportional to the mean 
arterial blood pressure, an increase in mean arterial pres-
sure results in an increase in the cerebral perfusion pres-
sure. Until a certain limit, cerebral autoregulation com-
pensates the increase in cerebral perfusion pressure by 
increasing the cerebrovascular resistance. The main ac-
tors of this mechanism are cerebral arterioles. Different 
factors, e.g. mechanical, metabolic, vasoactive substanc-
es, may play a role, resulting finally in an increase of the 
cerebrovascular resistance by constricting the cerebral 
arterioles  [32] . In chronic hypertension, the resistance 
vessels adapt to elevated cerebral perfusion pressure, by 
increasing the wall/lumen ratio, which impairs the abil-
ity of the vessels to dilate or to constrict after different 
stimuli  [33, 34] . Our results can be explained by this 
mechanism: a constrictory stimulus, such as HV, is pre-
sumably not able to induce further vasoconstriction in 
already constricted arterioles of the hypertensive patients 
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to a similar extent as among normotensive individuals. 
Similar to this, vasodilatory stimuli may cause also a less 
intensive vasodilation in the constricted arterioles, which 
may explain the impairment of vasodilatory responses 
among hypertensive patients.

  There are data indicating that impaired cerebrovascu-
lar reactivity is a risk factor for ischemic stroke in hyper-
tensive asymptomatic individuals  [35] . The main limita-
tion of the cerebral vasoreactivity studies performed 
among hypertensive patients is that although they detect-
ed altered cerebral arteriolar function, follow-up obser-
vations were not implicated. Therefore all these studies, 
including the present one, can be considered as patho-
physiological descriptions of the actual hemodynamic 
status in hypertension.

  Finally, we have to mention the limitation of the pres-
ent study. During the HV tests no capnography was ap-

plied. In a previous study we proved that pCO 2  in capil-
lary blood does not change significantly during the 
breath-holding test, whereas pCO 2  significantly decreas-
es after HV (arterial samples were not drawn as it was 
considered to be unethical in healthy volunteers)  [36] . 
Previous studies reported on satisfactory reproducibility 
of both methods and a good agreement with other vaso-
dilatory testing using different stimuli  [37, 38] .

  We conclude that cerebrovascular reactivity in hyper-
tensive adolescents is decreased as compared to healthy 
teenagers. This refers to an altered cerebral arteriolar 
function, which can be detected already in the very early, 
from a cardio- and cerebrovascular point of view, asymp-
tomatic phase of hypertension. The present study serves 
mainly pathophysiological results; the clinical signifi-
cance of the findings has to be clarified in further stud-
ies.
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