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ORIGINAL ARTICLE

Pulse pressure tracking from adolescence to young adulthood: contributions
to vascular health
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ABSTRACT
Purpose: We examined whether exposure to high PP in adolescence predicts carotid artery
intima-media thickness (IMT) and stiffness indices at young adulthood.
Methods: Seventy-nine participants had their brachial systolic (SBP) and diastolic blood (DBP)
pressures taken at the age of 15–16 years and later at young adulthood (29–31 years). Carotid
IMT, distensibility and stiffness index b were measured at young adulthood. Linear and logistical
regression analysis were performed.
Results: PP at adolescence and at young adulthood predicted vascular health independently of
sex, body mass index, and mean arterial pressure, explaining up to 37% of the variance. When
analyzing its single constituents, at adolescence DBP was more predictive of vascular health,
whereas DBP and SBP were equally important at young adulthood. Adolescents with high PP
were at risk for increased carotid IMT (OR: 4.04–4.09), even if PP decreased at young adulthood.
Young adults with high PP were at risk for increased stiffness regardless of adolescence PP (OR:
4.64–7.35).
Conclusion: PP at adolescence and young adulthood may be a better predictor of early
pathological changes in carotid artery structure and stiffness. Whereas carotid IMT in young
adults appears to be influenced by PP at adolescence, carotid stiffness depends primarily on
current PP.
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Introduction

Vascular changes including atherosclerosis begin early
in life as a silent, asymptomatic disease process and
are associated with cardiovascular risk factors [1],
which persist or track from childhood to adulthood
and are predictive of cardiovascular disease risk in
adults [2]. Studies among the young have shown that
blood pressure has a pivotal role in functional, mech-
anical, and structural early subclinical manifestations
of cardiovascular pathology measured in adulthood
[3–10]. Thus, not only a life-course rather than a sin-
gle time-point approach to the study of the early
determinants of arterial stiffness is needed, as the
evaluation of subclinical manifestations of cardiovas-
cular pathology, such as arterial stiffness and carotid
intima-media thickness, and its predictors may help
identify asymptomatic individuals at risk.

In the past, childhood systolic and diastolic blood
pressures and their changes have been the primary

mechanical factors predicting arterial stiffness in
adulthood [4,6–9]. However, if increased blood pres-
sure acts as a mechanical factor with deleterious con-
sequences on the arterial wall, the totality of the blood
pressure curve should be considered to evaluate the
risk [11]. Other hemodynamic indices originated from
pulsatile pressure are particularly relevant for cardiac
complications but have scarcely been taken into
account when evaluating childhood blood pressure as
a determinant of arterial structure and stiffness in
adulthood [5]. Increased pulse pressure (PP) is a
powerful independent predictor of cardiovascular end
points [12]. There are two major components of PP:
first, ventricular ejection interacts with the viscoelastic
properties of the large arteries (direct) and second,
wave reflection (indirect) and its impact on the aug-
mented pressure [13,14]. PP reflects stiffness of the
large arteries and increases with advancing age from
50 years onward, because of opposing trends in sys-
tolic and diastolic blood pressures [15]. Although a
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large PP as measured at the brachial artery with the
use of the cuff method is not an accurate representa-
tion of the proximal PP, it is a readily available and it
does suggest a stiffened aorta [16]. However, limited
data is available with respect to whether and to what
extent PP and PP changes from childhood to adult-
hood are associated with early subclinical manifesta-
tions of cardiovascular pathology in young healthy
populations [4]. Therefore, the purpose of this investi-
gation was to examine whether exposure to high PP
in adolescence predicts carotid artery intima-media
thickness (IMT) and stiffness indices in young
adulthood.

Methods

Participants

The European Youth Heart Study, a community-based
research of the natural history of cardiovascular dis-
ease beginning in childhood and adolescence, is a
multi-national study with a mixed cross-sectional and
longitudinal approach [17] in which several countries
participate: Denmark, Estonia, Portugal and Norway.

A cross-sectional survey was conducted in 1999/
2000 in 15-year-old adolescents (n¼ 593) from
Madeira Island, Portugal. The adolescents were ran-
domly selected from 29 primary schools belonging to
the 10 municipalities. The schools were also randomly
selected from 152 schools based on distribution
throughout the municipality and socioeconomic sta-
tus. The participation rate was 88.7% in 2000. From
2013 to 2016 we conducted a 14-year follow-up ana-
lysis in a sub-sample of participants (n¼ 79) with a
mean age of 30.05 ± 0.06. All evaluations were con-
ducted in the Department of Physical Education and
Sport of Madeira University.

Adolescents provided assent for their participation
and informed consent was obtained from their legal
guardians in 1999/2000. Informed consent was
obtained from young adults in the follow-up. The
study protocol conforms to the ethical guidelines of
the 1975 Declaration of Helsinki as reflected in a pri-
ori approval by the Ethics Committee of the
Faculdade de Motricidade Humana – Universidade de
Lisboa.

Anthropometry

Weight and height were measured while the partici-
pants were wearing light clothing and no shoes, using
standard techniques. Height was measured to
the nearest 0.5 cm using a Seca stadiometer

(Medical Scales and Measuring Systems Seca ltd,
Birmingham, UK) and weight was measured to the
nearest 0.1 kg with a calibrated Seca beam balance
scale (Medical Scales and Measuring Systems Seca ltd,
Birmingham, UK). Body mass index was calculated as
the weight in kilogrammes divided by the square of
height in meters (kg/m2).

Brachial blood pressure

Resting systolic and diastolic blood pressures were
measured after 5min of lying rest, with a Dinamap
XL Vital signs monitor, (Johnson & Johnson Medical
Inc., Arlington, TX, USA). Five measurements were
taken at 2min intervals and the mean of the final 3
measurements was considered. Mean arterial pressure
was calculated as 1/3 PPþ diastolic blood pressure.
Pulse pressure was calculated as systolic-diastolic
blood pressures.

Carotid artery stiffness indices and blood pressure
by vascular ultrasound

The carotid artery stiffness measurement was con-
ducted at adulthood, with the participant in the
supine position after at least a 15-min resting period
before. We used an ultrasound scanner equipped
with a linear 13MHz probe (MyLab One, Esaote,
Italy) with Quality Arterial Stiffness technology,
based on radio frequency signal in a common
carotid artery segment �1 cm before the bifurcation.
This software used a complex algorithm that could
process all data coming from the arterial wall as
radiofrequency signals, automatically measuring the
change in arterial diameter between the systolic and
diastolic phases. During imaging of the common
carotid artery, the examiner obtained real-time feed-
back on measurement to optimize the probe position
to have the best scan plane with respect to the dis-
tension and diameter. Theoretically, carotid diameter
waveforms were assessed by means of ultrasound
and converted to carotid pressure waveforms using
an empirically derived exponential relationship
between pressure and arterial cross-section. The
derived right carotid pressure waveform was cali-
brated to right brachial end diastolic and mean
arterial pressure by iteratively changing the wall
rigidity coefficient. This allows the calculation of
carotid stiffness indices: distensibility coefficient
(1/KPa) and stiffness index b. Distensibility coeffi-
cient is the fractional change in cross-sectional area
relative to the change in arterial pressure.
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Distensibility coefficient (Distensibility) was calcu-
lated as:

Distensibility ¼ DA
A � DPP ¼ 2 � D � DDþ DD2

D2 � DPP
Where A: diastolic area; DA: change of area in sys-

tole, D: diastolic diameter and DD: change of diam-
eter in systole.

Stiffness index b was expressed as:

b ¼
D � ln Ps

Pd

� �

DD

Where Ps and Pd are carotid systolic and diastolic
pressure respectively [18]. Distensibility coefficient
and stiffness index b are reciprocal but they reflect
different arterial responses.

Statistical analyses

Descriptive values were expressed as mean ± standard
deviation. Quantitative variables were examined for
normality, skewness, and kurtosis by performing the
Shapiro-Wilk test of normality, visual inspection of
normal quantile and histogram plots, and kurtosis
and skewness summary statistics. Baseline group char-
acteristics were compared with paired-sample t-test.
Multiple linear regression analysis was used to esti-
mate the association between exposure variables at
young adulthood (wall thickness and carotid stiffness
indices j dependent variables) and (1) hemodynamic
indices (PP and mean arterial pressure), and (2) single
measures of blood pressure (systolic and diastolic
blood pressure), measured at adolescence and young
adulthood (independent variables). Beta’s and 95%CI
were calculated for all models considering sex, and
body mass index as confounders by including these
variables as covariates in the regression models.

The variance inflation factor was used to assess the
extent to which the variances of the estimated coeffi-
cients were inflated. Logistical regression models (set
by sex-specific tertiles) were used to examine the asso-
ciations between trajectories of (1) PP, and (2) SBP
and DBP, and exposure outcomes. The persistently
low PP category was used as the reference group
[odds ratio (OR)¼ 1]. Sex, mean arterial pressure, and
body mass index changes were considered confound-
ers and included as covariates in the regression
models.

Statistical significance level was set at p< .05 for all
tests. The statistical analyses were computed and ana-
lyzed by a certified researcher using the SPSS
Statistics 22.0 (SPSS Inc., Chicago, IL, USA).

Results

The characteristics of the study population are shown
in Table 1. Sex differences were mainly found in body
composition and hemodynamic variables at young
adulthood (p< .05). Body mass index, systolic and
diastolic blood pressures, and mean arterial pressure
increased from adolescence to young adulthood
(p< .05). The prevalence of overweight and obesity in
adolescence was 17.5% and increased to 45% in young
adulthood (p< .05) [19,20]. None were hypertensive
at adolescence or young adulthood.

Results from linear regression analysis between
hemodynamic indices and single measures of blood
pressure, measured at adolescence and young adult-
hood, with carotid IMT and arterial stiffness indices
at young adulthood are presented in Table 2. PP at
adolescence was significantly associated with all
exposure outcomes at young adulthood, independently
of mean arterial pressure, sex, and body mass index,
explaining up to 15% of the variance in distensibility

Table 1. Characteristics of the participants at adolescence and adulthood by sex.
Adolescence Adulthood

Males Females Males Females

n 46 34 46 34
Age (years) 15.68 ± 0.32 15.62 ± 0.34 29.96 ± 0.47� 30.18 ± 0.52�
Body Mass Index (kg/m2) 21.18 ± 2.74 21.45 ± 2.69 25.91 ± 3.65� 23.41 ± 3.66�†
Systolic blood pressure (mmHg) 107.01 ± 10.33 103.81 ± 9.67 115.13 ± 9.08� 107.00 ± 8.41�†
Diastolic blood pressure (mmHg) 58.95 ± 6.66 60.38 ± 6.74 66.76 ± 7.21� 65.29 ± 8.88�
Mean arterial pressure (mmHg) 74.97 ± 6.85 74.86 ± 6.85 82.88 ± 6.91� 79.20 ± 7.93�†
Brachial PP (mmHg) 48.07 ± 9.03 43.43 ± 8.11† 48.38 ± 8.07 41.71 ± 7.75†
Carotid PP (mmHg) 39.67 ± 7.12 31.65 ± 6.36†
Carotid IMT (mm) 0.55 ± 0.09 0.53 ± 0.08
Distensibility (1/Kpa) 0.037 ± 0.009 0.041 ± 0.009†
Stiffness Index b 6.38 ± 1.59 6.14 ± 1.24

Results are mean ± SD.�Significant differences from values at adolescence p< .05.
†Significant differences from males at the same time point p< .05.
PP: pulse pressure; IMT: intima-media thickness.
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of the carotid artery at young adulthood. Diastolic
blood pressure at adolescence was negatively associ-
ated with carotid IMT and stiffness index b of the
carotid artery at young adulthood, independently of
systolic blood pressure, sex and body mass index,
explaining up to 10% of carotid stiffness at young
adulthood. Systolic blood pressure at adolescence was
only significantly associated with carotid distensibility
at young adulthood. As for hemodynamic values
taken at young adulthood, and performing identical
adjustments for confounders, PP was significantly
associated with both arterial stiffness indices, explain-
ing up to 37% of the variance in stiffness index b.
Systolic blood pressure at young adulthood was posi-
tively associated with carotid stiffness, whereas the
inverse was observed for diastolic blood pressure,
explaining up to 36% of carotid stiffness at young
adulthood. Collinearity had minimal impact on the
results (variance inflation factor <2.0)

Although no significant mean differences were
found between PP at adolescence and at young
adulthood in both sexes, 16.5% of the participants
had their PP risk category changed during this
period (to or from the highest PP tertile). Figure 1
illustrates the odds-ratio for increased early patho-
logical changes in carotid artery structure and stiff-
ness by PP tracking categories. Logistical regression
analysis demonstrated that participants in the high
PP category at adolescence were at risk for increased
carotid IMT at young adulthood (p< .05), even if
they had corrected PP at young adulthood. On the
contrary, participants with higher PP at adulthood
were at risk for increased stiffness regardless of ado-
lescence PP (p< .05). No significant findings were
observed when testing systolic or diastolic blood
pressure changes, except for those participants with

continuous high diastolic blood pressure (OR: 0.167 j
95%CI ¼0.031–0.912 j p¼ .039), and those who nor-
malized their SBP (OR: 0.029 j 95%CI ¼0.02–0.372 j
p¼ .006) at young adulthood, who had lower risk of
increased stiffness index b.

Discussion

We tracked PP from adolescence to young adulthood
and examined its potential role as a determinant of
carotid IMT and stiffness. Our main findings were
that: (1) several blood pressure parameters are directly
associated with vascular properties, but exposure to
wide PP at adolescence and young adulthood may be
a better predictor of early pathological changes in
carotid artery structure and stiffness at young adult-
hood; (2) adolescents with high PP were at risk for
increased carotid IMT at young adulthood, even if
they had normalized PP at young adulthood; (3)
young adults with high PP were at risk for increased
stiffness regardless of adolescence PP.

Only a longitudinal study addressed the association
of PP in adolescence and subclinical atherosclerosis in
adults [5]. In the Young Finns Study, exposure to
large PP in adolescence was independently associated
with increased carotid IMT in adulthood. Each 10mm
Hg increment in pulse pressure was associated with a
0.008mm increase in carotid IMT. [5]. We extend
these findings by showing that exposure to large PP
in adolescence is also associated with carotid stiffness,
and that lowering PP at young adulthood may not be
enough to reverse vascular remodeling, or it may take
longer to reduce carotid IMT once you had high PP
at adolescence.

A systematic review derived from cross-sectional
studies suggested that the contribution to arterial

Table 2. Multivariate association between hemodynamic indices and single measures of blood pressure,
measured at adolescence and young adulthood, with carotid IMT and arterial stiffness indices at young
adulthood.

Carotid IMT Distensibility Stiffness index b

Models Time Point Beta 95%CI Beta 95%CI Beta 95%CI

Adolescence
1 Pulse Pressure 0.279 0.033j0.526 �0.243 20.484j-0.003 0.253 0.005j0.501

Mean Arterial Pressure �0.142 �0.374j0.090 0.001 �0.225j0.227 �0.152 �0.385j0.081

2 Systolic Blood Pressure 0.247 �0.035j0.530 �0.276 20.551j-0.001 0.212 �0.071j0.495
Diastolic Blood Pressure �0.303 20.564j-0.042 0.183 �0.071j0.438 �0.290 20.552j-0.027
Adulthood

1 Pulse Pressure 0.053 �0.204j0.309 �0.483 20.697j-0.270 0.463 0.254j0.672
Mean Arterial Pressure �0.086 �0.320j0.148 �0.027 �0.222j0.167 �0.346 20.537j-0.155

2 Systolic Blood Pressure 0.023 �0.288j0.334 �0.556 20.815j-0.297 0.375 0.121j0.628
Diastolic Blood Pressure �0.109 �0.391j0.172 0.430 0.196j0.664 �0.674 20.903j-0.445

All models are adjusted for sex, and body mass index.
IMT: intima-media thickness.
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stiffness of risk factors other than blood pressure was
only modest [21]. Epidemiologic studies have empha-
sized the association between systolic and diastolic
blood pressures in adolescence and arterial stiffness in
young adulthood [3,4,22]. Subjects with stiffer arteries
(as given by distensibility and compliance or Young’s
elastic modulus) had on average and throughout the
whole longitudinal period greater levels of mean arter-
ial pressure, systolic and diastolic blood pressures,
respectively, than those with less stiff arteries [3].
However, these studies did not use PP or its changes
from adolescence in the prediction of arterial stiffness
in adulthood. Considering the present results, that
may come as a limitation given the additional infor-
mation provided by PP both at adolescence and
young adulthood. Importantly, a PP reduction from
adolescence to young adulthood may have significant
benefits in carotid artery stiffness at young adulthood,
contrary to what was found for carotid IMT. This
suggests that alterations in vasomotor tone may
account for changes in arterial wall structure, in line
with the idea that changes in arterial stiffness precede
those of structural measures [23]. It also suggests that
PP tracking can be considered when evaluating life-
long cardiovascular risk, and may be taken into clin-
ical consideration that lends itself toward a
therapeutic intervention, although further research is
needed.

Limitations

Our study has several limitations. The tertiles defined
from the data distribution for PP, carotid IMT and
stiffness indices may not be predictive of risk.

Increased carotid IMT can be seen in children with
risk factors. Therefore, it is possible that the early
increase in PP in adolescents is a result rather than a
cause of increased carotid IMT. However, we deemed
this less likely because the young subjects were
unaware of and asymptomatic regarding their carotid
structure or stiffness levels. Still, our results provide
further evidence for the hypothesis that the pulsatile
component of blood pressure has a role in the devel-
opment of increased carotid IMT and stiffness [3,5].

Our findings were confined to subjects in whom
complete data for arterial properties were obtained
during the follow-up examination from 2013–2015.
We have not examined whether blood pressure levels
in these subjects differed, at the earlier time point,
from those subjects who dropped-out or could not be
evaluated.

Conclusion

PP at adolescence and young adulthood may be a bet-
ter predictor of early pathological changes in carotid
artery structure and stiffness. Whereas carotid IMT in

Figure 1. Logistical regression analysis between PP changes from adolescence and early pathological changes of carotid artery struc-
ture and stiffness in adulthood. Results are presented as Ln odds-ratio and 95% CI for representation purposes. IMT and stiffness indi-
ces are presented as risk categories (i.e. lowest sex-specific tertile for distensibility or highest tertile for stiffness index b). The
persistently low PP category was used as the reference group [odds ratio (OR)¼ 1]. All data are adjusted for sex, mean arterial pres-
sure and body mass index changes. PP: Pulse Pressure; IMT: Intima-Media Thickness; Ln: Logarithm; OR: Odds Ratio.
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young adults appeared to be influenced by PP at ado-
lescence, carotid stiffness depended primarily on cur-
rent PP.
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