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Background: In this study we compared the arterial
characteristics and blood pressure (BP) of normotensive
offspring of two normotensive parents (OFF/NT) and nor-
motensive offspring who had at least one hypertensive
parent (OFF/HT).

Methods: A total of 174 OFF/HT (17 to 40 years of
age) and 59 OFF/NT (16 to 34 years) were recruited in
Cracow, Poland (n � 138) and Pilsen, Czech Republic
(n � 95). Peripheral pulse pressure (PPp) was determined
from conventional and 24-h ambulatory BP. A Sphygmo-
Cor device was used to measure the central (CAIx) and
peripheral (PAIx) systolic augmentation indexes, central
pulse pressure (PPc), and the aortic pulse wave velocity
(PWV). In multivariate analyses family clusters and sig-
nificant covariates were accounted for.

Results: The OFF/HT had higher (.14 � P � .0007)
conventional BP and PPp on conventional BP measure-

ment (121/75 v 114/71 mm Hg and 46 v 42 mm Hg) as
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well as on 24-h ambulatory monitoring (118/70 v 114/67
mm Hg and 48 v 47 mm Hg). OFF/HT, compared with
OFF/NT, also had higher (.05 � P � .0008) PPc (28 v 26
mm Hg), PAIx (54.7% v 44.9%), CAIx (108.8% v 99.8%),
and PWV (7.4 v 6.6 m/sec). However, complex adjustment
including mean arterial pressure and age removed the
differences between the offspring in the PAIx, CAIx, and
PWV.

Conclusions: Large-artery properties are altered in
OFF/HT compared with OFF/NT. The findings from this
cross-sectional study suggest that the alterations in arterial
function in subjects with a family history of hypertension
are determined mainly by an increased BP and age-related
hemodynamic changes. Am J Hypertens 2006;19:
264–269 © 2006 American Journal of Hypertension, Ltd.
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O ffspring of hypertensive parents have higher
blood pressure (BP) and increased stiffness of the
carotid artery compared with offspring of normo-

tensive parents.1 Pulse wave analysis, as implemented by
O’Rourke and Gallagher using a SphygmoCor device,2

provides a simple and reproducible method to assess var-
ious indexes of arterial stiffness, including the peripheral
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The nuclear families in this study were recruited in the framework of
and central augmentation indexes and aortic pulse wave
velocity. To our knowledge only one study based on the
SphygmoCor technique3 reported an increased augmenta-
tion index, but not higher brachial pulse wave velocity, in
offspring of hypertensive compared with normotensive
parents. The goal of the present study was to compare the
above-mentioned indexes of arterial stiffness as well as
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conventional and ambulatory BP among offspring with a
different family history of hypertension.

Methods
Study Population

The European Project on Genes in Hypertension
(EPOGH) was ethically approved and conducted accord-
ing to the principles outlined in the Helsinki declaration
for investigations in human subjects.4 Participants gave
informed written consent.

Two EPOGH centers (Cracow, Poland, and Pilsen, the
Czech Republic) opted to take part in vascular phenotyp-
ing using the SphygmoCor device. They randomly re-
cruited nuclear families of white ethnicity, including
offspring with a minimum age of 16 years and parents with
a maximum age of 68 years. Overall, the response rate was
82%. Of the 482 participants recruited in Cracow (n �
299) or Pilsen (n � 183), we eliminated 80 subjects from
analysis because the recorded pulse wave was of insuffi-
cient quality (n � 15), because offspring were hyperten-
sive (n � 12), or because of missing information
concerning the hypertensive or normotensive status of
parents (n � 53). Among the offspring of hypertensive
parents, 25 subjects had both parents who were hyperten-
sive. In those families considered as normotensive, both
parents were required to have normal BP according to the
2003 criteria of the European Society of Hypertension.5

Thus the overall number of participants who were statis-
tically analyzed totaled 402, of whom 233 were offspring.
All measurements of BP and arterial parameters were
completed in all participants.

Measurements of BP

The conventional BP phenotype in parents and offspring
was the average of five consecutive readings obtained at
one home visit. Hypertension was defined as a conven-
tional systolic BP of �140 mm Hg, diastolic BP of �90
mm Hg, or use of antihypertensive medication.5 We pro-
grammed oscillometric and properly validated 90202 or
90207 SpaceLabs monitors (Redmond, WA) to obtain BP
readings at intervals of 20 min from 8 AM until 10 PM and
at 45 min from 10 PM to 8 AM. We monitored the ambu-
latory BP within 1 week of the home visit. From unedited
recordings, we calculated the average over 24-h BP with
weights according to the time intervals between successive
readings. From the conventional and 24-h ambulatory BP,
we derived peripheral pulse pressure as the difference
between systolic and diastolic BP.

Measurements of Arterial Properties

All arterial measurements were performed in the clinic.
After the subjects had rested for 15 min we recorded,
during an 8-sec period, the radial arterial waveform at
the dominant arm by applanation tonometry. We used a

high-fidelity SPC-301 micromanometer (Millar Instru-
ments, Inc., Houston, TX) interfaced with a laptop
computer running SphygmoCor software, version 6.31
(AtCor Medical Pty. Ltd., West Ryde, New South
Wales, Australia). We discarded recordings when the
systolic or diastolic variability of consecutive wave-
forms was �10% or when the amplitude of the pulse
wave signal was �80 mV. The pulse wave was cali-
brated by measuring BP at the contralateral arm imme-
diately before the recordings. From this BP reading, we
calculated mean arterial pressure as diastolic pressure
plus one third of pulse pressure.

From the radial signal the SphygmoCor software derives
the aortic pulse wave by means of a validated generalized
transfer function.6,7 The radial augmentation index was de-
fined as the ratio of the second to the first peak of the pressure
wave expressed as a percentage. The aortic augmentation
index was the difference between the second and first systolic
peak given as a percentage of the aortic pulse pressure. From
the aortic pulse wave we derived central pulse pressure. For
statistical analysis, the average of the peripheral and cen-
tral waveforms over the 8-sec measurement period was
used.

Aortic pulse wave velocity was measured by sequential
recordings of the arterial pressure wave at the carotid and
femoral arteries and by measurement of the distance from
the carotid sampling site to the suprasternal notch and
from the suprasternal notch to the femoral sampling site.
Aortic pulse wave velocity was calculated as the ratio of
the distance (in meters) to the transit time (in seconds).

Other Measurements

A standardized questionnaire was administered to obtain
information on each subject’s medical history, smoking
and drinking habits and use of medications. After the
subject had fasted overnight, a venous blood sample was
collected for measurement of blood glucose and serum
lipids by means of standardized automated methods.

Statistical Methods

For database management and statistical analysis SAS
software version 9.1 (SAS Institute Inc., Cary, NC) was
used. Means and proportions were compared by the Stu-
dent t test and the �2 statistic, respectively. Possible co-
variates of the phenotypes were searched for with the use
of stepwise multiple regressions. Those covariates with P
values � .15 were used for further analysis. The PROC
MIXED procedure of the SAS package8 was used to
account for the nonindependence of observation within
families while adjusting for covariates including study
center, sex, age, body height, pulse rate and mean arterial
pressure (taken immediately before arterial measure-
ments), current smoking, regular alcohol intake (�5

g/day), and serum total cholesterol, as appropriate.
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Results
Characteristics of Participants

The overall study population included 233 offspring from
123 nuclear families. The number of siblings per family
was one sibling in 22 families, two in 94 families, three in
six families, and five in one family. Table 1 lists the
general characteristics of the offspring according to pres-
ence or absence of parental hypertension. Offspring of
hypertensive parents compared with offspring of normo-
tensive parents were on average 2.5 years older and 4.4 kg
heavier, with body mass index 1.5 kg/m2 higher. Other-
wise there were no differences in lifestyle and biochemical
measurements between the two groups of offspring.

Hypertensive parents (n � 110; 60% women) com-
pared with normotensive parents (n � 59; 52.5% women)
were slightly older (51.9 v 48.7 years; P � .0001) and had
higher mean values of body mass index (29.6 v 26.5
kg/m2; P � .0001), systolic and diastolic BP (144 v 121
mm Hg and 90 v 78 mm Hg; P � .0001), peripheral and
central augmentation indexes (87.3 v 76.2% and 144.2 v
132.7%; P � .0009), and pulse wave velocity (9.6 v 8.0
m/sec; P � .0001). Otherwise the characteristics of the
hypertensive and normotensive parents were similar.

Hemodynamic Measurements

In unadjusted analyses most hemodynamic measurements,
including BP and peripheral pulse pressure at the subjects’
homes, the 24-h ambulatory BP, the central pulse pressure,
the central and peripheral augmentation indexes and aortic
pulse wave velocity were significantly higher in offspring
of hypertensive compared with normotensive parents
(Table 2). In contrast the 24-h peripheral pulse pressure

Table 1. General characteristics of offspring in stu

Characteristic
Norm

Number of offspring
Anthropometrics

Age (y) 2
Female gender (%) 3
Body height (cm) 17
Body weight (kg) 6
Body mass index (kg/m2) 2

Lifestyle
Current smoker, n (%) 1
Alcohol intake �5g/day, n (%) 3

Biochemistry
Blood glucose (mmol/L)
Serum total cholesterol (mmol/L)
Serum HDL cholesterol (mmol/L)

Values are arithmetic mean � SD or percentage of subjects. P value
parents. HDL � high-density lipoprotein.

* Hypertension was based on blood pressure measured at hom
diastolic or use of antihypertensive drugs.
and pulse rate (71.6 v 72.4; P � .62) measured during the
vascular examination were similar in the two groups
(Table 2).

Based on the results of stepwise regression, we adjusted
all hemodynamic measurements for center, sex, age, pulse
rate, current smoking, alcohol intake, and serum total
cholesterol. In addition we adjusted BP for body mass
index and all vascular measurements for mean arterial
pressure. The systolic augmentation indexes were also
adjusted for body height.

In fully adjusted analyses (Table 3), systolic BP and
peripheral pulse pressures on conventional measurement
at home and the 24-h systolic and diastolic BP remained
significantly higher in offspring of hypertensive parents
compared with offspring of normotensive parents. In con-
trast, in fully adjusted analyses, the differences in the
arterial characteristics between the two groups of offspring
disappeared. As shown in Fig. 1, this was mainly caused
by the introduction in the regression model of age, mean
arterial pressure, or both covariates. These results were
consistent, when we ran separate analyses in offspring
with one (n � 149) or two (n � 25) hypertensive parents
(data not shown).

Discussion
The key finding of the present study was that in unadjusted
analyses systolic and diastolic BP on conventional as well
as 24-h ambulatory measurement, peripheral pulse pres-
sure on conventional BP measurement, the central and
peripheral systolic augmentation indexes and aortic pulse
wave velocity were significantly higher in normotensive
offspring with at least one hypertensive parent compared
with normotensive offspring of two normotensive parents.
Fully adjusted analyses confirmed these findings for sys-
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peripheral pulse pressure on conventional measurement,
and for the 24-h diastolic BP. However, adjustment for
center, sex, age, mean arterial pressure, pulse rate, current
smoking, alcohol intake, and serum total cholesterol re-
moved the differences between the two groups of offspring
in the systolic augmentation indexes and aortic pulse wave
velocity.

To our knowledge only three studies dealt with large
artery properties in young subjects at risk of hypertension.
Meaney et al1 studied 100 nonobese offspring aged 10 to
20 years who were descendants of hypertensive or normo-
tensive parents. By means of an ultrasound technique these
investigators studied the characteristics of the ascending

Table 2. Unadjusted hemodynamic measurements

Characteristic
Nor

Number of offspring
Measurements at home*

Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Peripheral pulse pressure (mm Hg)

24-h Ambulatory measurements
Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Peripheral pulse pressure (mm Hg)

Arterial measurements
Central pulse pressure (mm Hg)
Peripheral augmentation index (%) 4
Central augmentation index (%) 9
Aortic pulse wave velocity (m/s)

Values are arithmetic mean � SE adjusted for family clusters. P valu
parents. For further explanation, see Table 1. BP � blood pressure.

* Average of five measurements obtained at one home visit.

Table 3. Adjusted hemodynamic measurements in

Characteristic
Nor

Number of offspring
Measurements at home*

Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Peripheral pulse pressure (mm Hg)

24-h Ambulatory measurements
Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Peripheral pulse pressure (mm Hg)

Arterial measurements
Central pulse pressure (mm Hg)
Peripheral augmentation index (%)
Central augmentation index (%) 1
Aortic pulse wave velocity (m/sec)

Values are arithmetic mean � SE, adjusted for study center, se
cholesterol. Additional adjustments included: 1) for blood pressure
mean arterial pressure; 3) for aortic pulse wave velocity and centra

offspring of normotensive and hypertensive parents also account for fam

* Average of five measurements obtained at one home visit.
aorta and the common carotid artery. Carotid but not aortic
stiffness and maximum velocity flow in the aorta were
significantly higher in the offspring of the hypertensive
parents; the comparisons were, however, not adjusted for
BP which was already higher in this group.

Yasmin et al3 recruited offspring of families with es-
sential hypertension (mean age 39 years) and normoten-
sive controls (mean age 43 years). They measured BP at
the brachial artery and applied the same SphygmoCor
technique as we used. They observed that offspring of
hypertensive compared with normotensive parents had
higher systolic/diastolic BP (123/75 v 118/71 mm Hg).
They also reported that offspring of hypertensive parents
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had higher peripheral pulse pressure (49 v 47 mm Hg; P �
.01), higher central pulse pressure (35 v 35; P � .01), and
higher central systolic augmentation index (19.1% v
17.8%; P� .01), but similar brachial pulse wave velocity
(8.40 v 8.24 m/sec); aortic pulse wave velocity was not
studied. However when we tried to replicate the calcula-
tions reported in Table 1 in the paper by Yasmin et al, we
found nonsignificant P values for peripheral pulse pressure
(t � 1.82; P � .08), central pulse pressure (t � 0.23; P �
.78), and the systolic augmentation index (t � 0.85; P �
.30). The sample studied by Yasmin et al differed from
ours: the mean age was higher in the Yasmin et al study
and the offspring of hypertensive parents had higher HDL
cholesterol, creatinine, and blood glucose levels and
smoking prevalence, whereas in our study these parame-
ters were similar between the two groups.

Rajzer et al9 studied the effect of selected clinical and
biochemical measurements on the pulse wave velocity in
70 young normotensive individuals. The subjects were
subdivided into two groups: those with and without a

FIG. 1. Effect of cumulative adjustments on the differences in ar-
terial characteristics between offspring of normotensive and hyper-
tensive parents. Mean differences with 95% confidence intervals
and corresponding P values are given (eg, �PPc � 2.2 mm Hg
indicates that central pulse pressure (PPc) in offspring of hyperten-
sive parents was higher on average by 2.2 mm Hg than in offspring
of normotensive parents). AIc � central augmentation index; AIp �
peripheral augmentation index; PPc � central pulse pressure;
PWV � aortic pulse wave velocity, respectively. Adjustments: un-
adjusted (1); adjusted for center (2); center and sex (3); center,
sex, and age (4); center, sex, and mean arterial BP (5); center, sex,
and both age and mean arterial BP (6).
family history of arterial hypertension. They observed that
pulse wave velocity did not differ between these two
groups (9.7 v9.3 m/sec; P � .52).

Other authors used the techniques which focus on the
functional abnormalities separately in small and large ar-
teries.10,11 The results showed that especially small artery
elasticity (the C2 component of the modified Windkessel
model of circulation) may correlate closely with BP10 and
predict future cardiovascular events.11

The recently published study by Dernellis and Pana-
retou provided evidence that increased aortic stiffness pre-
cedes hypertension.12 The investigators examined 2512
subjects (aged 35 to 94 years) who were not hypertensive
at baseline and followed them for 4 years. Aortic stiffness
measured at baseline by means of echocardiographic tech-
nique predicted progression to hypertension in both sexes
and in younger as well as older subjects. The results were
consistent for all the three aortic stiffness indexes used and
for different BP parameters (increase in systolic, in dia-
stolic and in pulse pressure and hypertension incidence)
and remained significant after adjustment for baseline BP,
age, and all other classic cardiovascular risk factors. Thus
aortic wall properties are likely to play a role in the
pathogenesis of hypertension already in its early stages.
On the other hand, the relationship of BP and arterial
properties is reciprocal; it has been shown in the Bogalusa
Heart Study13 that childhood BP predicted arterial stiffness
assessed on the mean 26.5 years later by brachial–ankle
pulse wave velocity.

Our study was cross-sectional, and therefore the ques-
tion of cause and consequence cannot be answered on the
basis of our data. However it adds to the longitudinal
studies12,13 because it suggests that an increased BP and
increased arterial stiffness run in parallel in hypertensive
families. This might be caused by genetic factors, shared
environmental influences or their interaction. In a study of
225 monozygotic and 594 dizygotic female twin pairs,
aged 18 to 73 years Snieder et al14 noticed that the heri-
tability of the central augmentation index was 37% and
was largely independent of age, BP, heart rate and height.
In 950 Native Americans from 32 extended families,
North et al15 reported that the heritability of carotid stiff-
ness and the central augmentation index were 23% and
18%, respectively. These two studies underscore the im-
portance of genetic factors in pathogenesis of arterial
stiffness.

Our results have to be interpreted within the context of
its limitations. Our sample size was relatively small, al-
though still larger than in the three previously published
studies with similar design.1,3,9 This may be one of the
reasons why the differences in arterial parameters were no
more significant after the complex adjustment. On the
other hand we collected six measurements reflecting arte-
rial stiffness and found great consistency among these
measurements in the comparison between the two groups
of offspring.

In conclusion compared with normotensive offspring of

normotensive parents, normotensive offspring of hyperten-
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sive parents have increased BP and impaired arterial prop-
erties, namely aortic stiffness and pulse wave reflection as
measured noninvasively by assessing aortic pulse wave
velocity and radial augmentation index. The present cross-
sectional findings, in keeping with the large prospective
study by Dernellis and Panaretou12 suggest that the alter-
ation in arterial function is present already in nonhyper-
tensive subjects at risk of hypertension and it may
contribute to the progression to hypertension in later life.
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