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Abstract: AIM: Higher exercise blood pressure in adults correlates with many car-
diometabolic markers. The aim of this study was to investigate the main determinants of
longitudinal variations in exercise blood pressure in young athletes. METHODS: A longitu-
dinal retrospective study was conducted on adolescent athletes who underwent at least two
sport-related pre-participation screening visits, including exercise testing with a standard-
ized incremental ramp protocol on treadmill. Blood pressure was assessed at rest (SBPrest),
at the 3rd minute of exercise (SBP3min), and at peak exercise (SBPpeak)- Predictors of blood
pressure response (i.e., respective changes vs. baseline (A)) were determined by multivari-
ate regression models after adjustment for age, sex, follow-up duration, related baseline
SBP values, characteristics of sport, and ABMI. RESULTS: A total of 351 young athletes
(mean age at baseline 13 &= 2 years, 54% boys, average follow-up duration 3.4 & 2.2 years)
were enrolled. BMI increased by 1.5 & 1.8 kg/m? (p < 0.001) during follow-up. At baseline,
mean SBP,est was 103 £ 14 mmHg, mean SBP3pi, 124 £+ 18 mmHg, and mean SBPpeak
154 + 23 mmHg. A significant between-visit increase in SBPyest (ASBPrest 7.0 & 17.4 mmHg;
p <0.001), ASBP3min (4.8 + 11 mmHg, p < 0.001), and ASBPpe,i (11.7 + 24 mmHg, p < 0.001)
was observed. ASBP3in was significantly predicted by male sex (p < 0.01), baseline BMI
(p <0.01), ABMI (p < 0.01), and number of practiced sports (p < 0.05), whereas ASBP e,k
was positively predicted by male gender (p < 0.01), baseline BMI (p < 0.05), and ABMI
(p < 0.01) and negatively by baseline resting heart rate (p < 0.01). In a logistic regression
model, ABMI was the only independent determinant of passing from a lower to an upper
quartile of SBP3min (p < 0.001), while ABMI and male sex were independent determinants
of moving to a higher quartile of SBPpeak (p < 0.001). CONCLUSIONS: Increase in BMI
during development and male sex are independent determinants of the increase in exercise
blood pressure, both at light and maximal intensity, in a population of adolescent athletes.

Keywords: cardiovascular risk; obesity; hypertension; exercise test

1. Introduction

Elevated blood pressure (BP) is nowadays a leading risk factor for cardiovascular
disease worldwide [1], affecting about 36% of females and 41% of males in European Society
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of Cardiology (ESC) member countries [2]. A hypertensive response to exercise has been
shown to predict the future onset of overt hypertension, irrespective of apparently normal
BP at rest [3-5]. Moreover, systolic blood pressure (SBP) at submaximal intensity assessed
during early stages of an incremental exercise stress test significantly predicts the presence
of hypertension, confirmed by 24 h ambulatory blood pressure monitoring in adults [6].
Exaggerated exercise blood pressure recorded both at light and at maximal intensity of
exercise is associated with an increased risk of cardiovascular events and mortality in adults,
independently from resting blood pressure and other conventional risk factors [7,8]; this has
also been linked to arterial stiffness and cardiorespiratory fitness [9]. Therefore, an abnormal
increase in systolic blood pressure during exercise may act as a potential forewarning to
clinicians of an increased cardiovascular risk, irrespective of resting blood pressure [10].
Independently, whether defined on the basis of an exaggerated change in systolic blood
pressure from rest, as absolute values during exercise testing, or by evaluating the recovery
phase after moderate intensity exercise, exaggerated exercise blood pressure predicts future
incidence of hypertension independently of baseline resting BP [11]. Considering that
maximal exercise intensity is seldomly reached in everyday life by the general population,
measurement of blood pressure during light to moderate intensity may be a more suitable
tool to assess the true risk related to elevated BP and also because this value would be
comparable to the chronic BP load during daily life activities [12]. It has been shown that
SBP recorded at light-intensity exercise is an independent predictor of masked hypertension
and also correlates significantly with 24 h systolic blood pressure monitoring, which is the
strongest blood pressure measure in predicting target organ damage and cardiovascular
outcomes in hypertension [12]. Consequently, exaggerated exercise blood pressure might
itself be associated with hypertension-related organ damage [13,14] in pre-hypertensive [15]
and hypertensive patients [16]. Furthermore, it must be noted that an exaggerated exercise
blood pressure response is a common finding also in healthy normotensive populations [17],
although it is more prevalent in people with elevated cardiovascular risk (i.e., up to 50%
of patients with type 2 diabetes mellitus) [18]. In normotensive subjects, systolic blood
pressure recorded during light-intensity exercise has been correlated with left ventricular
mass as a marker of target organ damage, independently from age, systolic blood pressure
at rest, and body mass index (BMI) [19]. On the other hand, in a large cohort of adults from
the Framingham Heart Study, it was found that higher exercise systolic blood pressure
was related to older age, female sex, higher baseline resting systolic blood pressure and
heart rate, new-onset of type 2 diabetes mellitus, and also BML. Particularly, an increase
of 1 kg/m? in BMI during follow-up examinations was associated with a 1 mmHg higher
exercise systolic blood pressure [20]. Currently, about 54.8% of people in ESC member
countries live with overweight and 17.0% with obesity, without significant differences
between middle- and high-income countries, leading to an associated risk of death of
more than 13% across the European region [2]. Obesity is a chronic and relapsing disease
that is often complicated by hypertension, dyslipidemia, insulin resistance, endothelial
dysfunction, and inflammation which together increase the risk of cardiovascular diseases
and death [21]. Recent reports indicate that about 8% of children younger than 5 years of
age have obesity [2] and that this obesity pandemic has significantly increased in young
people after the COVID-19 pandemic [22-24]. Obesity is particularly concerning during
developmental age because of metabolic changes resulting in a significant increase in
cardiovascular risk in adulthood and alterations in body composition and bone metabolism
that may also be accentuated by therapeutic strategies for obesity such as bariatric surgery
if not specifically addressed with physical exercise, nutrition, and specific contrasting
measures [25]. Indeed, new ESC guidelines for the management of elevated blood pressure
and hypertension markedly emphasize that the relationship between blood pressure values
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and global cardiovascular risk is continuous and starts long before reaching the threshold
values for the diagnosis of hypertension [26]. For all these reasons, it is crucial to focus the
medical efforts on early prevention and detection of preclinical onset of risk factors and
early markers of cardiometabolic disease, especially in childhood and adolescence, where
prevention should be a health priority and when interventions are easier and more effective.

Little information is currently available about the possible association between exercise
blood pressure in adolescents and the cardiovascular risk profile in adulthood. Our aim is,
therefore, to explore determinants of exercise blood pressure values both at light-intensity
exercise and at maximal exercise in physically very active adolescents.

2. Materials and Methods
2.1. Population and Assessments

This is a retrospective study consecutively enrolling adolescent subjects presenting
from 2014 to 2017 at the Sport and Exercise Medicine Division of the Padova University
Hospital for a mandatory clinical evaluation, part of the pre-participation screening of
athletes, which in Italy requires an annual exercise stress testing. Subjects were included
after they had been evaluated at least twice, considering the two more spread-out recorded
visits. Exercise stress testing was carried out by expert medical staff. Patients underwent
a treadmill exercise test (treadmill Marquette T-2000 Series, with Case 8000 stress system,
General Electrics, Waukesha, WI, USA) by using an adapted and standardized incremental
exercise protocol modified from the Bruce protocol [27,28]. Subjects that performed sub-
maximal tests, used anti-hypertensive treatment, or had symptoms during testing were
excluded. Moreover, this protocol foresees a gradual and progressive increase in the slope
and speed, with continuous 12-lead electrocardiographic monitoring. The stress test was
considered valid if the patient reached a rate of perceived exertion (RPE) of at least 18/20
according to the Borg Scale, associated with a heart rate higher than 85% of the maximum
predicted heart rate calculated by age (Fox’s formula 220—age) [29]. The duration of the
incremental exercise test depended on the subject’s characteristics and functional capacity.
The stress test included at least four minutes of a monitored recovery phase. The blood
pressure at rest was measured by expert medical or nursing staff before the stress test
in a quiet room, in seated position, after at least five minutes of rest by using a mercury
sphygmomanometer with an auscultatory method. The size of the cuff used for pressure
measurement was chosen based on the patient’s arm diameter. Blood pressure values were
recorded also during the stress test, in particular at submaximal intensity at the 3rd minute
of exercise (estimated exercise intensity equal to six METs, using the American College of
Sports Medicine’s formula corrected following Foster’s suggestions) [30], at the maximal
effort, and in supine condition immediately after stopping the exercise phase and every
minute during recovery period. During the stress test, blood pressure was measured by
auscultatory method considering the first Korotkoff tone for the systolic value and the
attenuation phase for the diastolic value. The diagnosis of normal, high-normal blood
pressure, and hypertension condition was performed by using the 2016 European Society
of Hypertension guidelines for the management of high blood pressure in children and
adolescents, reporting arterial blood pressure values into reference percentiles for subjects
under 16 years of age [31]. The calculation of the respective percentile of blood pressure
was based on the 2017 American Academy of Pediatrics guidelines reference population,
which did not consider adolescents with obesity, thus fitting better with a population of
healthy adolescents [32]. Anthropometric data were collected by expert medical or nursing
staff before the stress test according to standard procedures [33]. Body mass index (BMI)
was calculated as the ratio between weight (expressed in kilograms) and squared height
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(expressed in centimeters). Overweight and obesity were diagnosed on the basis of the
World Health Organization definition for adults and adolescents [34,35].

2.2. Statistical Analyses

Descriptive statistics are expressed as means and standard deviations for continuous
variables and as counts and percentages for categorical variables. We used f-tests to
determine the significance of differences among demographic and continuous variables.
We determined the receiver operating characteristic (ROC) curve to evaluate the predictive
power of systolic blood pressure at rest (SBPest), systolic blood pressure at 3rd minute of
exercise (SBP3min), and systolic blood pressure at peak exercise (SBPpeak) for the diagnosis
of hypertension at follow-up. To create the ROC curve, subjects with overt diagnosis of
hypertension were excluded. We calculated changes in risk factors for continuous variables.
Primary outcomes were the main determinants of the difference between visit 1 (V1) and
visit 2 (V2) in SBP3min (ASBP3min) and SBPpeax (ASBPpeak). We used partial correlation
analyses to investigate the correlation between clinical characteristics and ASBP3pi, and
ASBPpeak, corrected for baseline values and possible confounders. We calculated quartiles
of SBP3min and SBP e,k at visit 2; subsequently, we used multiple linear regression to find
determinants of the likelihood of being in the higher quartile of SBP3min and SBP e,y at V2.
A two-tailed p < 0.05 was considered statistically significant. All analyses were performed
with the use of SPSS software (SPSS version 23, SPSS, Inc., Chicago, IL, USA). Researchers
were not blinded during study analyses.

3. Results

The main characteristics of the population at baseline (visit 1) and at follow-up (visit 2)
are summarized in Table 1. The population was composed by 351 very active (mean weekly
training time 345.2 min) adolescents (mean age 13.0 £ 2 years), with 54% of them males.
The mean follow-up was up to 3.4 years (from 1 to 14 years).

Table 1. Main characteristics of the population at baseline (visit 1) and at follow-up (visit 2).

Visit 1 Visit 2 Mean Change p
Age (years) 13 (+2) 16.9 (£3) +3.5 (£2.2)
Height (cm) 1625 (+£12.1) 170.4 (+£10.3) +7.9 (£9.2) <0.0001
Weight (Kg) 54.2 (£13.9) 63.8 (£12.7) +9.5 (£9.1) <0.0001
BMI (Kg/m?) 20.2 (£3.1) 21.7 (£3.1) +1.5 (£1.8) <0.0001
BMI percentiles * 54.1 (£26.3) 53.1 (£254) —1.0(15.4) 0.217
SBP at rest (mmHg) 103 (+14) 110 (£14) +7 (£17.4) <0.0001
DBP at rest (mmHg) 55 (+11) 61 (£11) +5.2 (£13) <0.0001
SBP at 3 min exercise (mmHg) 124 (£18) 129 (£18) 4.8 (£11) <0.0001
SBP at peak (mmHg) 154 (£23) 166 (£21) 11.7 (£24) <0.0001
HR at rest (bpm) 68 (£11) 69 (£13) 0.4 (£11) <0.0001
Peak exercise HR (bpm) 190 (£8) 187 (£8) —3.6 (£7.4) <0.0001
% predicted maximum HR for age 92.3 (+4) 91.7 (£3.9) n.s.
Maximal workload (METs) 18.6 (£2.9) 18.7 (£3.1) n.s.

Change in values and between visits are presented in mean4- SD or (%). SBP is systolic blood pressure; DBP is
diastolic blood pressure; HR is heart rate; BMI indicates body mass index; bpm, beats per minute; %, maximum
predicted HR for age; * BMI percentiles: excluding subjects who had turned 18 years of age during follow-up, for
whom percentiles were not calculated.

At rest at visit 1, the mean of systolic and diastolic blood pressure (SBPyest) values were,
respectively, 103 and 55 mmHg (£14/11 mmHg). Additionally, 4.8% of subjects showed
high-normal blood pressure values, while 4.8% were in the hypertensive range at visit 1.
The change in SBP;st during follow-up was equal to +7 (£17.4) mmHg, with the difference
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between the means at visit 1 and visit 2 proving statistically significant (p < 0.001). We
can also highlight a significant increase in systolic blood pressure (SBP) at light-intensity
exercise (SBP3min) corresponding to +4.8 (+£11) mmHg and at peak-intensity exercise
(SBPpeak) corresponding to +11.7 (£24) mmHg. The mean value of BMI at visit 1 was
20.2 (£3.1), with a mean BMI percentile equal to 54.1 (26.3), while 3% of the population fell
within the range of obesity, and 6% was overweight. The change in BMI during follow-up
was equal to +1.5 (£1.8) kg/m?, resulting in a statistically significant difference (p < 0.001)
and corresponding to the —1.0 percentile without reaching statistical significance. The
receiver operating characteristic (ROC) curve showed that SBP3min (p < 0.02) and SBPpeax
(p < 0.01) significantly predicted diagnosis of hypertension at follow-up. SBPrest did not
show any significant predictive power on incident diagnosis of hypertension (p = 0.10). In
a partial correlation analysis (Table 2) that corrected for basal values of SBP3pin, age at visit
1, and duration of follow-up, the change in SBP3pin (ASBP3min) was significantly higher
in males (R 0.30; p < 0.01), in subjects with higher BMI (R 0.24; p < 0.01), in subjects who
practiced a greater number of sports (R 0.11; p < 0.05), and in those with a greater increase
in BMI (R 0.18; p < 0.01). The relationship between ASBP3,i, and ABMI is also reported in
Figure 1.

Table 2. Partial correlation analysis for between-visit variation of systolic blood pressure recorded at
3rd minute of exercise (ASBP3pip)-

r 14
Male sex 0.30 <0.01
Number of practiced sports 0.11 <0.05
BMI at baseline (visit 1) 0.24 <0.01
BMI variation between-visit 0.18 <0.01
Classification of hypertension n.s.

Data adjusted for SBP3min at baseline, age at baseline, and follow-up duration.
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Figure 1. Correlation between change over time of systolic blood pressure recorded at light-intensity
exercise (ASBP3p,in) and the change over time of BMI (ABMI).

The partial correlation analysis, which refers to the change in SBPpeax (ASBPpeai) after
correction for basal values of SBP ek, age at visit 1, and duration of follow-up (Table 3),
was direct and significant for male sex (R 0.38; p < 0.01), BMI (R 0.13; p < 0.05), and its
increasing during follow-up (R 0.21; p < 0.01) as well as indirect and significant for resting
heart rate (HR) at visit 1 (R —0.19; p < 0.01). The changes of SBPrest, SBP3min, and SBPpeak
did not differ between hypertensive and normotensive subjects.
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Table 3. Partial correlation analysis for between-visit variation of systolic blood pressure recorded at
exercise peak (ASBPpeak)-

R P
Male sex 0.38 <0.01
Baseline resting HR —0.19 <0.01
BMI at baseline (visit 1) 0.13 <0.05
BMI variation between-visit 0.21 <0.01
Classification of hypertension n.s.

Data adjusted for SBPp.,x at baseline, age at baseline, and follow-up duration.

In a logistic regression model (Table 4), the likelihood of being included in a quartile
of SBP3min higher than those at baseline was independently determined by the increase in
BMI (p < 0.001). In a linear regression model the likelihood of being included in a higher
quartile of SBPeax was independently determined by the male sex and the increase in BMI
(p <0.001).

Table 4. Logistic regression analysis for independent determinants of higher quartiles of between-visit
variation in systolic blood pressure recorded at 3rd minute of exercise (ASBP3pn) and in systolic
blood pressure recorded at exercise peak (ASBP k) Data adjusted for, age, follow-up duration, and
BMI at baseline.

ASBP3nmin
ABMI p <0.001
ASBPpeak
Male sex p <0.001
ABMI p <0.001

4. Discussion

The main result of this study is that, in a population of very active adolescents, the
change over time of systolic blood pressure recorded at light-exercise intensity (ASBP3pn)
is significantly determined by the change over time of BMI (ABMI).

This relationship seems to be independent from many covariates, such as age, duration
of follow-up, and BMI at visit 1. In addition, it should be noted that the average BMI and
also BMI percentiles were in line with normal weight both at baseline and follow-up,
showing a low prevalence of obesity in this population. Therefore, this correlation refers
to BMI as a continuous variable and emphasizes that weight gain may be associated with
an increase in blood pressure even at a preclinical stage, i.e., before obesity occurs. This
finding is similar to other previous studies conducted in adult populations, i.e., that from
Framingham offspring, in which was found that the greater the weight gain in time, the
higher the follow-up exercise systolic blood pressure [20]. Similarly, in the linear regression
analysis, ASBPpeax Was also shown to be determined by the change in BMI over time. In
observational studies in adults, the relationship between BMI and exercise blood pressure
seems to be linked to an impaired cerebral blood flow velocity [36]. In children with type
2 diabetes mellitus, regardless of glucose tolerance status, subjects with overweight and
obesity displayed higher absolute systolic and diastolic blood pressure for a given workload
despite a similar heart rate. Based on these results, data suggest that the blood pressure
response to exercise among adolescents is more dependent on body weight than on glucose
tolerance [37]. In the Quebec Family Study, in a cohort of Canadian adolescents, multiple
linear regression analysis revealed that BMI was a primary determinant of systolic blood
pressure (3 = 0.9-1.1, p < 0.001). On the basis of this and other studies, in a review of the
literature, Torrance et al. emphasized that overweight may be a key determinant of elevated
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systolic blood pressure in children [38]. Indeed, particularly in children and adolescents,
body weight was shown to be the critical predictor of cardiovascular health and was also a
stronger predictor than cardio-respiratory fitness, challenging the slogan “fat but fit” and
suggesting that despite high cardiorespiratory fitness due to young age and active lifestyle,
BMI remains a key component for cardiometabolic health in adolescents [39]. Nevertheless,
to the best of our knowledge, there are currently no longitudinal studies examining the
association between the blood pressure response to exercise in children or adolescents and
cardiovascular risk in adulthood. The mechanisms of an abnormal elevation of exercise
BP remain unclear but are likely to be multifactorial [12]. There are several possible
explanations, including the hypothesis that a higher body weight may promote a stiffer
arterial system. Furthermore, Park et al. showed that insulin resistance was significantly
raised in those with an exaggerated BP response to exercise, and respective metabolic
markers predicted the presence of a hypertensive response to exercise independently of age,
sex, body mass, and baseline systolic BP [40]. In our study, ASBPc.x was independently
determined also by male sex. It is widely known that cardiovascular risk factors and
their distribution are sex-specific, and particularly among young people, male sex is a key
component for the development of hypertension [26]. Even more worthy of attention is
the higher prevalence of males among metabolically unhealthy people and that, in young
adults, the progression from a metabolically healthy to unhealthy profile is more common
in men than women [41]. The combination of metabolic alterations such as dyslipidemia
and insulin resistance could impair vascular reactivity, increase vascular resistance during
exercise, and contribute to an abnormal increase in BP with exercise [42,43]. Failure of
the cardiovascular system in counteracting excessive rises in arterial BP and decreasing
left ventricular afterload during exercise may elevate input impedance (ratio of pulsatile
pressure to pulsatile flow) and cause a greater rise in systolic BP [44]. On the other hand,
impaired endothelium-dependent vasodilatory function could be a further underlying
contributory mechanism [45]. Children with overweight have an increased resting cardiac
output that is mainly due to expanded stroke volume [46,47]. Another possible involved
mechanism is an increased sodium sensitivity that could cause a plasma volume-dependent
increase in stroke volume and thus cardiac output, thereby increasing BP [46]. Several
studies have suggested that an activation of the sympathetic nervous system appears to
be a leading candidate to explain the relationship between obesity and hypertension in
humans [48].

By excluding overt diagnosis of hypertension at visit 1, the office systolic blood
pressure at rest did not predict incident diagnosis of hypertension during follow-up, and
consistently, in the partial correlation analysis, we found that the resting BP at baseline was
not significantly correlated with the changes over time in systolic blood pressure during
exercise both at low intensity (ASBP3min) or at peak exercise (ASBPpeak). On the other
hand, measures of exercise blood pressure were significantly predictive of diagnosis of
hypertension at visit 2. Previous observational studies have found that an exaggerated
response to light-intensity exercise (expressed as variations of systolic blood pressure from
rest to the exercise phase) seemed to be associated with left ventricular hypertrophy in
normotensive middle-aged women [49]. Schultz et al. found that the systolic BP response
at early stages of an exercise stress test was more strongly associated with the presence
of hypertension as confirmed by 24 h ambulatory BP measurement when compared with
maximal exercise blood pressure. The exaggerated exercise blood pressure response,
particularly at light-intensity exercise, may have an important relevance to both clinical and
athletes’ exercise stress testing. In clinical practice, this finding may reveal hypertension-
related cardiovascular risk factors that would remain otherwise undetected by standard
screening measures [6]. Currently, the main limit to the use of this parameter in clinical
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practice is the lack of universally recognized normality values for exercise blood pressure in
adults and adolescents as well as the scarcity of longitudinal studies that define the actual
attributable risk of any health/disease-related outcome to this parameter.

Limitations and Perspectives

The main limitation of this research work is the possible confounding power of the
pressure recording modality, which may lead to a slight “digit preference” bias. Further-
more, cardiovascular risk factors have not been recorded in a standardized way because of
the clinical nature of this study. Finally, long-term data on the development of hyperten-
sion and other cardiovascular risk factors in adulthood would allow stronger conclusions
leading to clinical implications in primary and secondary prevention. Furthermore, the
application of advanced artificial intelligence tools may, in the future, offer new insights
into the complex mechanisms underlying variations in exercise blood pressure, enabling
more precise and personalized predictive analyses [50].

5. Conclusions

This paper shows that the increase in BMI over time and the male sex are independent
determinants of the increase in exercise blood pressure recorded both at submaximal and
maximal exercise intensity in a population of young and apparently healthy athletes. These
findings suggest that attention should be paid to BMI in young people to prevent the rise
in overweight and obesity, with awareness of the continuous relationship among BMI,
blood pressure, and the development of cardiometabolic diseases. The contribution of this
study is that it adds original information on the possible determinants of elevated exercise
blood pressure and proposes submaximal exercise blood pressure evaluation as a potential
screening tool and early marker of cardiovascular risk in an understudied population such
as adolescents. It needs to be further investigated whether this is associated with a higher
risk of arterial hypertension in adulthood.
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Abbreviations

The following abbreviations are used in this manuscript:
SBPrest Systolic blood pressure at rest

SBP3min  Systolic blood pressure at 3rd minute of exercise
SBPpeax  Systolic blood pressure at exercise peak

BMI Body mass index

ESC European Society of Cardiology
BP Blood pressure

Ccv Cardiovascular

RPE Rate of perceived exertion

METs Metabolic equivalents
EACPR  European Association of Cardiovascular Prevention and Rehabilitation
ROC Receiver operating characteristic

References

1.

10.

11.

12.

13.

14.

15.

Danaei, G.; Lu, Y,; Singh, G.M.; Carnahan, E.; Stevens, G.A.; Cowan, M.].; Farzadfar, F,; Lin, ].K.; Finucane, M.M.; Rao, M; et al.
Cardiovascular disease, chronic kidney disease, and diabetes mortality burden of cardiometabolic risk factors from 1980 to 2010:
A comparative risk assessment. Lancet Diabetes Endocrinol. 2014, 2, 634—647. [CrossRef]

Timmis, A.; Townsend, N.; Gale, C.P.; Torbica, A.; Lettino, M.; Petersen, S.E.; Mossialos, E.A.; Maggioni, A.P.; Kazakiewicz, D.;
May, H.T.; et al. European society of cardiology: Cardiovascular disease statistics 2019. Eur. Heart ]. 2020, 41, 12-85. [CrossRef]
Manolio, T.A.; Burke, G.L,; Savage, PJ.; Sidney, S.; Gardin, ].M.; Oberman, A. Exercise Blood Pressure Response and 5-Year Risk
of Elevated Blood Pressure in a Cohort of Young Adults: The CARDIA Study. Am. |. Hypertens. 1994, 7, 234-241. [CrossRef]
[PubMed]

Singh, J.P; Larson, M.G.; Manolio, T.A.; O’Donnell, C.J.; Lauer, M.; Evans, ].C.; Levy, D. Blood Pressure Response During
Treadmill Testing as a Risk Factor for new onset Hypertension The Framingham Heart Study. Circulation 1999, 99, 1831-1836.
[CrossRef]

Tsumura, K.; Hayashi, T.; Hamada, C.; Endo, G.; Fujii, S.; Okada, K. Blood pressure response after two-step exercise as a powerful
predictor of hypertension: The Osaka Health Survey. J. Hypertens. 2002, 20, 1507-1512. [CrossRef] [PubMed]

Schultz, M.G.; Picone, D.S.; Nikolic, S.B.; Williams, A.D.; Sharman, J.E. Exaggerated blood pressure response to early stages of
exercise stress testing and presence of hypertension. J. Sci. Med. Sport 2016, 19, 1039-1042. [CrossRef] [PubMed]

Allison, T.G.; Cordeiro, M.A.S.; Miller, T.D.; Daida, H.; Squires, RW.; Gau, G.T. Prognostic significance of exercise-induced
systemic hypertension in healthy subjects. Am. J. Cardiol. 1999, 83, 371-375. [CrossRef]

Hedman, K.; Cauwenberghs, N.; Christle, ] W.; Kuznetsova, T.; Haddad, F.; Myers, ]. Workload-indexed blood pressure response
is superior to peak systolic blood pressure in predicting all-cause mortality. Eur. ]. Prev. Cardiol. 2020, 27, 978-987. [CrossRef]
[PubMed]

Thanassoulis, G.; Lyass, A.; Benjamin, E.J.; Larson, M.G,; Vita, ].A; Levy, D.; Hamburg, N.M.; Widlansky, M.E.; O’Donnell, C.J.;
Mitchell, G.F; et al. Relations of exercise blood pressure response to cardiovascular risk factors and vascular function in the
Framingham Heart Study. Circulation 2012, 125, 2836-2843. [CrossRef] [PubMed]

Schultz, M.G.; Otahal, P; Cleland, V.J.; Blizzard, L.; Marwick, T.H.; Sharman, ].E. Exercise-induced hypertension, cardiovascular
events, and mortality in patients undergoing exercise stress testing: A systematic review and meta-analysis. Am. ]. Hypertens.
2013, 26, 357-366. [CrossRef] [PubMed]

Schultz, M.G.; Otahal, P.; Picone, D.S.; Sharman, J.E. Clinical relevance of exaggerated exercise blood pressure. J. Am. Coll. Cardiol.
2015, 66, 1843-1845. [CrossRef]

Schultz, M.G.; Hare, ].L.; Marwick, T.H.; Stowasser, M.; Sharman, J.E. Masked hypertension is “unmasked” by low-intensity
exercise blood pressure. Blood Press 2011, 20, 284-289. [CrossRef] [PubMed]

Stewart, K.J.; Sung, J.; Silber, H.A.; Fleg, ].L.; Kelemen, M.D.; Turner, K.L.; Bacher, A.C.; Dobrosielski, D.A.; DeRegis, ].R.; Shapiro,
E.P; et al. Exaggerated exercise blood pressure is related to impaired endothelial vasodilator function. Am. J. Hypertens. 2004, 17,
314-320. [CrossRef] [PubMed]

Tzemos, N.; Lim, P.O.; Mackenzie, I.S.; Macdonald, T.M. Exaggerated Exercise Blood Pressure Response and Future Cardiovascular
Disease. J. Clin. Hypertens. 2015, 17, 837-844. [CrossRef] [PubMed]

Kokkinos, P; Pittaras, A.; Narayan, P; Faselis, C.; Singh, S.; Manolis, A. Exercise capacity and blood pressure associations with
left ventricular mass in prehypertensive individuals. Hypertension 2007, 49, 55-61. [CrossRef]


https://doi.org/10.1016/S2213-8587(14)70102-0
https://doi.org/10.1093/eurheartj/ehz859
https://doi.org/10.1093/ajh/7.3.234
https://www.ncbi.nlm.nih.gov/pubmed/8003274
https://doi.org/10.1161/01.CIR.99.14.1831
https://doi.org/10.1097/00004872-200208000-00012
https://www.ncbi.nlm.nih.gov/pubmed/12172311
https://doi.org/10.1016/j.jsams.2016.04.004
https://www.ncbi.nlm.nih.gov/pubmed/27131837
https://doi.org/10.1016/S0002-9149(98)00871-6
https://doi.org/10.1177/2047487319877268
https://www.ncbi.nlm.nih.gov/pubmed/31564136
https://doi.org/10.1161/CIRCULATIONAHA.111.063933
https://www.ncbi.nlm.nih.gov/pubmed/22572915
https://doi.org/10.1093/ajh/hps053
https://www.ncbi.nlm.nih.gov/pubmed/23382486
https://doi.org/10.1016/j.jacc.2015.08.015
https://doi.org/10.3109/08037051.2011.566251
https://www.ncbi.nlm.nih.gov/pubmed/21449705
https://doi.org/10.1016/S0895-7061(03)01003-3
https://www.ncbi.nlm.nih.gov/pubmed/15062884
https://doi.org/10.1111/jch.12629
https://www.ncbi.nlm.nih.gov/pubmed/26235814
https://doi.org/10.1161/01.HYP.0000250759.71323.8b

J. Cardiovasc. Dev. Dis. 2025, 12, 74 10 of 11

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lim, P.O.; Donnan, P.T.; Mac Donald, T.M. Blood pressure determinants of left ventricular wall thickness and mass index in
hypertension: Comparing office, ambulatory and exercise blood pressures. |. Hum. Hypertens. 2001, 15, 627-633. [CrossRef]
[PubMed]

Le, V.-V,; Mitiku, T.; Sungar, G.; Myers, J.; Froelicher, V. The Blood Pressure Response to Dynamic Exercise Testing: A Systematic
Review. Prog. Cardiovasc. Dis. 2008, 51, 135-160. [CrossRef]

Scott, J.A.; Coombes, ].S.; Prins, ].B.; Leano, R.L.; Marwick, T.H.; Sharman, J.E. Patients with type 2 diabetes have exaggerated
brachial and central exercise blood pressure: Relation to left ventricular relative wall thickness. Am. J. Hypertens. 2008, 21, 715-721.
[CrossRef]

Oh, M.S,; Cho, S.J.; Sung, J.; Hong, K.P. Higher blood pressure during light exercise is associated with increased left ventricular
mass index in normotensive subjects. Hypertens. Res. 2018, 41, 382-387. [CrossRef] [PubMed]

Spartano, N.L.; Lyass, A.; Larson, M.G.; Lewis, G.D.; Vasan, R.S. Submaximal exercise systolic blood pressure and heart rate at 20
years of follow-up: Correlates in the Framingham heart study. . Am. Heart Assoc. 2016, 5, €002821. [CrossRef] [PubMed]
Powell-Wiley, T.M.; Poirier, P.; Burke, L.E.; Després, ].-P.; Gordon-Larsen, P.; Lavie, C.J.; Lear, S.A.; Ndumele, C.E.; Neeland, L] ;
Sanders, P; et al. Obesity and Cardiovascular Disease A Scientific Statement From the American Heart Association. Circulation
2021, 143, €984—e1010. [CrossRef] [PubMed]

Vogel, M.; Geserick, M.; Gausche, R.; Beger, C.; Poulain, T.; Meigen, C.; Korner, A.; Keller, E.; Kiess, W.; Pféffle, R. Age- and weight
group-specific weight gain patterns in children and adolescents during the 15 years before and during the COVID-19 pandemic.
Int. J. Obes. 2022, 46, 144-152. [CrossRef] [PubMed]

Palermi, S.; Vecchiato, M.; Pennella, S.; Marasca, A.; Spinelli, A.; De Luca, M.; De Martino, L.; Fernando, E; Sirico, E; Biffi, A.
The Impact of the COVID-19 Pandemic on Childhood Obesity and Lifestyle-A Report from Italy. Pediatr. Rep. 2022, 14, 410-418.
[CrossRef] [PubMed]

Vecchiato, M.; Neunhaeuserer, D.; Fabris, M.; Aghi, A.; Quinto, G.; Battista, F,; Palermi, S.; Gasperetti, A.; Ermolao, A. The impact
of the COVID-19 pandemic on functional capacity in a population of young athletes: Should we expect long-time consequences?
J. Sports Med. Phys. Fit. 2023, 63, 828-834. [CrossRef]

Bezerra, A.; Boppre, G.; Freitas, L.; Battista, F.; Duregon, F; Faggian, S.; Busetto, L.; Ermolao, A.; Fonseca, H. Body Composition
Changes in Adolescents Who Underwent Bariatric Surgery: A Systematic Review and Meta-analysis. Curr. Obes. Rep. 2024, 13,
107-120. [CrossRef] [PubMed]

McEvoy, ] W.; McCarthy, C.P; Bruno, R.M.; Brouwers, S.; Canavan, M.D.; Ceconi, C.; Christodorescu, R.M.; Daskalopoulou, S.S.;
Ferro, C.J.; Gerdts, E.; et al. 2024 ESC Guidelines for the management of elevated blood pressure and hypertension. Eur. Heart ].
2024, 45, 3912-4018. [CrossRef]

Vecchiato, M.; Quinto, G.; Borasio, N.; Palermi, S.; Berton, G.; Battista, F; Gasperetti, A.; Ermolao, A.; Neunhaeuserer, D. The
Fragmented QRS Complex in Lead V1: Time for an Update of the Athlete’s ECG? ]. Cardiovasc. Transl. Res. 2024, 17, 24-32.
[CrossRef] [PubMed]

Vecchiato, M.; Baioccato, V.; Adami, P.E.; Quinto, G.; Foccardi, G.; Slanzi, G.; Battista, F.; Neunhaeuserer, D.; Ermolao, A. Early
Repolarization in Adolescent Athletes: A Gender Comparison of ECG and Echocardio-graphic Characteristics. Scand. J. Med. Sci.
Sports 2022, 32, 1581-1591. [CrossRef] [PubMed]

Fox, S.M.; Haskell, W.L. Physical activity and the prevention of coronary heart disease. Bull. N. Y. Acad. Med. 1968, 44, 950-967.
[CrossRef] [PubMed]

Foster, C.; Crowe, A.].; Daines, E.; Dumit, M.; Green, M.A; Lettau, S.; Thompson, N.N.; Weymier, J. Predicting functional capacity
during treadmill testing independent of exercise protocol. Med. Sci. Sports Exerc. 1996, 28, 752-756. [CrossRef] [PubMed]
Lurbe, E.; Agabiti-Rosei, E.; Cruickshank, ].K.; Dominiczak, A.; Erdine, S.; Hirth, A.; Invitti, C.; Litwin, M.; Mancia, G.; Pall, D.;
et al. 2016 European Society ofHypertension guidelines for themanagement of high blood pressure in children and adolescents. J.
Hypertens. 2016, 34, 1887-1920. [CrossRef] [PubMed]

Flynn, ].T.; Kaelber, D.C.; Baker-Smith, C.M.; Blowey, D.; Carroll, A.E.; Daniels, S.R.; De Ferranti, S.D.; Dionne, ].M.; Falkner, B.;
Flinn, S.K.; et al. Clinical Practice Guideline for Screening and Management of High Blood Pressure in Children and Adolescents.
Pediatrics 2017, 140, €20171904. [CrossRef] [PubMed]

Lohman, T.G.; Roche, A.F,; Martorell, R. Anthropometric Standardization Reference Manual; Human Kinetics: Champaign, IL,
USA, 1988.

Obesity: Preventing and Managing the Global Epidemic. In Report of a WHO Consultation; World Health Organization: Geneva,
Switzerland, 2000; Volume 894:i—xii, pp. 1-253.

Cole, T.J.; Bellizzi, M.C.; Flegal, K.M.; Dietz, W.H. Establishing a standard definition for child overweight and obesity worldwide:
International survey. BMJ 2000, 320, 1240. [CrossRef] [PubMed]

Bond, V.; Millis, RM.; Campbell, A.; Harrell, J.; Goring, K.L.; Reeves, I.; Johnson, S.M.; Adams, R.G. Exaggerated vasopressor
response to exercise and cerebral blood flow velocity. Clin. Exp. Hypertens. 2012, 34, 370-376. [CrossRef] [PubMed]


https://doi.org/10.1038/sj.jhh.1001229
https://www.ncbi.nlm.nih.gov/pubmed/11550109
https://doi.org/10.1016/j.pcad.2008.07.001
https://doi.org/10.1038/ajh.2008.166
https://doi.org/10.1038/s41440-018-0028-2
https://www.ncbi.nlm.nih.gov/pubmed/29535456
https://doi.org/10.1161/JAHA.115.002821
https://www.ncbi.nlm.nih.gov/pubmed/27233297
https://doi.org/10.1161/CIR.0000000000000973
https://www.ncbi.nlm.nih.gov/pubmed/33882682
https://doi.org/10.1038/s41366-021-00968-2
https://www.ncbi.nlm.nih.gov/pubmed/34556774
https://doi.org/10.3390/pediatric14040049
https://www.ncbi.nlm.nih.gov/pubmed/36278553
https://doi.org/10.23736/S0022-4707.22.14468-3
https://doi.org/10.1007/s13679-023-00549-6
https://www.ncbi.nlm.nih.gov/pubmed/38172484
https://doi.org/10.1093/eurheartj/ehae178
https://doi.org/10.1007/s12265-023-10448-9
https://www.ncbi.nlm.nih.gov/pubmed/37906369
https://doi.org/10.1111/sms.14232
https://www.ncbi.nlm.nih.gov/pubmed/36086882
https://doi.org/10.1016/0091-7435(72)90079-5
https://www.ncbi.nlm.nih.gov/pubmed/5069016
https://doi.org/10.1097/00005768-199606000-00014
https://www.ncbi.nlm.nih.gov/pubmed/8784763
https://doi.org/10.1097/HJH.0000000000001039
https://www.ncbi.nlm.nih.gov/pubmed/27467768
https://doi.org/10.1542/peds.2017-1904
https://www.ncbi.nlm.nih.gov/pubmed/28827377
https://doi.org/10.1136/bmj.320.7244.1240
https://www.ncbi.nlm.nih.gov/pubmed/10797032
https://doi.org/10.3109/10641963.2012.665537
https://www.ncbi.nlm.nih.gov/pubmed/22500813

J. Cardiovasc. Dev. Dis. 2025, 12, 74 11 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yardley, ].E.; Hay, J.; MacMillan, F.; Wittmeier, K.; Wicklow, B.; MacIntosh, A.; McGavock, J. The Blood Pressure Response to
Exercise in Youth with Impaired Glucose Tolerance and Type 2 Diabetes. Pediatr. Exerc. Sci. 2015, 27, 120-127. [CrossRef]
[PubMed]

Torrance, B.; McGuire, K.A.; Lewanczuk, R.; McGavock, J. Overweight, physical activity and high blood pressure in children: A
review of the literature. Vasc. Health Risk Manag. 2007, 3, 139-149.

Silva, G.; Aires, L.; Martins, C.; Mota, J.; Oliveira, J.; Ribeiro, J. Cardiorespiratory Fitness Associates with Metabolic Risk
Independent of Central Adiposity. Int. ]. Sports Med. 2013, 34, 912-916. [CrossRef] [PubMed]

Park, S.; Shim, J.; Kim, J.-B.; Ko, Y.-G.; Choi, D.; Ha, J.-W.; Rim, S.-J.; Jang, Y.; Chung, N. Insulin resistance is associated with
hypertensive response to exercise in non-diabetic hypertensive patients. Diabetes Res. Clin. Pract. 2006, 73, 65—-69. [CrossRef]
[PubMed]

Palatini, P; Saladini, F.; Mos, L.; Vriz, O.; Ermolao, A.; Battista, F.; Mazzer, A.; Canevari, M.; Rattazzi, M. Instability of Healthy
Overweight and Obesity Phenotypes over the Long Term in Young Participants in the HARVEST Study: Influence of Sex. J.
Cardiovasc. Dev. Dis. 2024, 11, 47. [CrossRef] [PubMed]

Steinberg, H.O.; Chaker, H.; Leaming, R.; Johnson, A.; Brechtel, G.; Baron, A.D. Obesity/insulin resistance is associated with
endothelial dysfunction: Implications for the syndrome of insulin resistance. J. Clin. Investig. 1996, 97, 2601-2610. [CrossRef]
[PubMed]

Neunhduserer, D.; Gasperetti, A.; Ortolan, S.; Battista, F,; Pettenella, P.; Zaccaria, M.; Bergamin, M.; Ermolao, A. Inter-arm Systolic
Blood Pressure Difference in Physically Active, Adult Subjects. High Blood Press. Cardiovasc. Prev. 2018, 25, 303-307. [CrossRef]
Munir, S.; Jiang, B.; Guilcher, A.; Brett, S.; Redwood, S.; Marber, M.; Chowienczyk, P. Exercise reduces arterial pressure
augmentation through vasodilation of muscular arteries in humans. Am. J. Physiol. Heart Circ. Physiol. 2008, 294, H1645-H1650.
[CrossRef] [PubMed]

Schultz, M.G.; Sharman, J.E. Exercise Hypertension. Pulse 2013, 1, 161-176. [CrossRef] [PubMed]

Rocchini, A.P; Key, J.; Bondie, D.; Chico, R.; Moorehead, C.; Katch, V.; Martin, M. The Effect of Weight Loss on the Sensitivity of
Blood Pressure to Sodium in Obese Adolescents. N. Engl. J. Med. 1989, 321, 580-585. [CrossRef] [PubMed]

Daniels, S.R.; Kimball, T.R.; Khoury, P.; Witt, S.; Morrison, J.A. Correlates of the hemodynamic determinants of blood pressure.
Hypertension 1996, 28, 37-41. [CrossRef] [PubMed]

Alvarez, G.E.; Beske, S.D.; Ballard, T.P; Davy, K.P. Sympathetic neural activation in visceral obesity. Circulation 2002, 106,
2533-2536. [CrossRef] [PubMed]

Kokkinos, PE,; Andreas, PE.; Coutoulakis, E.; Colleran, J.A.; Narayan, P.; Dotson, C.O.; Choucair, W.; Farmer, C.; Fernhall, B.
Determinants of exercise blood pressure response in normotensive and hypertensive women: Role of cardiorespiratory fitness. J.
Cardiopulm. Rehabil. 2002, 22, 178-183. [CrossRef]

Palermi, S.; Vecchiato, M.; Saglietto, A.; Niederseer, D.; Oxborough, D.; Ortega-Martorell, S.; Olier, I.; Castelletti, S.; Baggish,
A.; Maffessanti, F,; et al. Unlocking the potential of artificial intelligence in sports cardiology: Does it have a role in evaluating
athlete’s heart? Eur. |. Prev. Cardiol. 2024, 31, 470-482. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1123/pes.2014-0062
https://www.ncbi.nlm.nih.gov/pubmed/25387459
https://doi.org/10.1055/s-0033-1334967
https://www.ncbi.nlm.nih.gov/pubmed/23559413
https://doi.org/10.1016/j.diabres.2005.11.008
https://www.ncbi.nlm.nih.gov/pubmed/16413944
https://doi.org/10.3390/jcdd11020047
https://www.ncbi.nlm.nih.gov/pubmed/38392261
https://doi.org/10.1172/JCI118709
https://www.ncbi.nlm.nih.gov/pubmed/8647954
https://doi.org/10.1007/s40292-018-0269-9
https://doi.org/10.1152/ajpheart.01171.2007
https://www.ncbi.nlm.nih.gov/pubmed/18296568
https://doi.org/10.1159/000360975
https://www.ncbi.nlm.nih.gov/pubmed/26587435
https://doi.org/10.1056/NEJM198908313210905
https://www.ncbi.nlm.nih.gov/pubmed/2668763
https://doi.org/10.1161/01.HYP.28.1.37
https://www.ncbi.nlm.nih.gov/pubmed/8675261
https://doi.org/10.1161/01.CIR.0000041244.79165.25
https://www.ncbi.nlm.nih.gov/pubmed/12427647
https://doi.org/10.1097/00008483-200205000-00009
https://doi.org/10.1093/eurjpc/zwae008

	Introduction 
	Materials and Methods 
	Population and Assessments 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

