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BACKGROUND: This study assessed the specific influence of physical activity (PA) and waist circumference (WC) on the 4-year
growth trajectory of blood pressure in UK high-school students.

METHODS: Four-year longitudinal monitoring of 1501 adolescents was conducted as part of the EOEHHS. Measurements were
taken in Grades (G)7, 9, and 11.

RESULTS: Systolic (SBP) and diastolic blood pressure (DBP) increased over the 4-year period (SBP G7 114.6 + 8.9 mmHg, G9
118.1 £9.7 mmHg, G11 122.8 + 7.8 mmHg; DBP G7 66.7 + 6.6 mmHg, G9 68.0 + 6.4 mmHg, G11 70.0 + 5.2 mmHg). Baseline WC
predicted baseline and growth in SBP, but the strongest contribution to SBP came from changes in WC (8 = 0.084, p = 0.002).
Baseline PAQ-A score (8= —0.822, p =0.020) and changes in PAQ-A score (8= —0.650, p = 0.019) were associated with smaller
increases in DBP over the 4-year measurement period.

CONCLUSIONS: Baseline and change in WC predicted the growth trajectory of SBP, while baseline and change in PA predicted the
growth trajectory of DBP. PA and WC have a prognostic value in predicting changes in blood pressure in adolescents. Increasing PA
during adolescence could slow the rise in DBP over time. This is meaningful for future hypertension and CVD risk reduction into

adulthood.
Pediatric Research; https://doi.org/10.1038/541390-023-02837-2

IMPACT:

® Hypertension in adolescents is a growing health problem that is often overlooked.

® Baseline and changes in waist circumference over a 4-year period predicted development of systolic blood pressure, while
baseline and changes in physical activity predicted development of diastolic blood pressure.

® Physical activity and waist circumference have a prognostic value in predicting changes in blood pressure in adolescents and
could be valuable in planning programmes to prevent hypertension in similar communities and reduce the risk of future adult

hypertension.

INTRODUCTION

Hypertension is a major contributor to cardiovascular disease
(CVD) and early mortality among adults." The United Kingdom
(UK) reference data for blood pressure centiles demonstrate that
systolic blood pressure (SBP) and diastolic blood pressure (DBP)
increase with age in children and adolescents. The rise is
consistent with the influence of body mass and stature on blood
pressure (BP).? There is a tendency for individuals to maintain the
same BP rank relative to their peer group over time, referred to as
tracking. Higher childhood BPs tend to track into adulthood,®*
where they are associated with pathologic changes that include
atherosclerotic development and altered cardiac morphology.” A
meta-regression analysis reported mean tracking coefficients of
0.38 for SBP and 0.28 for DBP.2 These, however, vary with the age
of the cohort and the length of follow up and ranges between
—0.12 and 0.80 for SBP and between —0.16 and 0.70 for DBP have
been reported® These tracking coefficients are moderate,

suggesting that BP is modifiable. Identifying factors associated
with longitudinal changes/trajectories in BP is therefore important
to prevent elevated BP in childhood progressing to adult
hypertension.

Adiposity and physical activity (PA) are modifiable risk factors
for elevated BP in childhood, and later adulthood.® Specifically,
waist circumference (WC), as a measure of central adiposity,
is positively and independently associated with youth BP
(8 =0.094-0.260).” Further, prospective studies have reported
positive correlations between adolescent WC and adult BP.2 The
health benefits of PA are well established, and higher PA levels in
adolescents generally have a negative relationship with increased
BP,”'" and thus are protective against the development of
hypertension.'? The positive effects of PA on BP are independent
of changes in weight status and obesity.'® Typically, longitudinal
studies use regression analysis to identify baseline characteristics
that predict follow-up values or changes in BP. This approach,
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however, cannot account for the combined effects of initial levels
and changes in correlates of BP, such as PA and adiposity, both of
which change during adolescence and differ by sex. There are no
longitudinal data available on changes in blood pressure in
English youth, and no studies assessing the impact of PA and
adiposity on development of BP. Understanding the progression
of BP in children may prove an important preventative measure in
public health due to the relationship between increases in
childhood BP and an increased risk of hypertension in adulthood.
The aim of this study was to use latent growth curve modelling
(LGM) to assess the effects of initial values and longitudinal
changes in PA and WC adiposity on the growth trajectory of BP in
UK high-school students.

METHODS

East of England Healthy Hearts Study

As described elsewhere in detail,'* the East of England Healthy Hearts
Study (EoEHHS) 2006-2011 was a regional and school-based study. The
study sample of 1501 Grade 7 scholars from 23 schools in the south-east
region of England volunteered to participate in the longitudinal
monitoring study (season-matched follow-up assessments were replicated
after 2 (Grade 9) and 4 years (Grade 11). Parents gave written informed
consent before data collection commenced. Ethical approval was granted
by the researchers’ institutional review board and conforms with the tenets
of the Declaration of Helsinki as revised in 2013.

Protocol

Geographic entities. The English Indices of Multiple Deprivation (IMD)
2007 was measured based on the small-area geographical units known as
lower super output areas (LSOAs), each LSOA containing 1000-3000
inhabitants.'>'® The level of deprivation within each of the 32,482 LSOAs in
England is represented by a multicomponent score with values ranging
from 0.4 (least deprived) to 85.5 (most deprived).

Anthropometry. For descriptive purposes, body weight was measured to
the nearest 0.1 kg using a digital flat scale (Seca 875, Hamburg) and stature
was measured to the nearest 0.1 cm using a portable stadiometer (Seca
213, Hamburg). Waist circumference (WC) was taken 2cm above the
umbilicus by means of a non-distendable measuring tape (Bodycare
Products, Southam, UK) to the nearest 1 mm. Repeat measures were taken
at a similar time to initial measures and the same equipment was used
throughout.

Physical activity levels. Each participant completed the Physical Activity
Questionnaire for Adolescents (PAQ-A), which is a self-administered 7-day
recall instrument. The questionnaire design and administration have been
described in detail elsewhere.” Briefly, the questionnaire comprised three
sections including overall PA, activity within school, and activities
undertaken in the evenings and at weekends. Total PAQ-A scores were
calculated and combined with individual components of the questionnaire
to form continuous measures which were used in subsequent analyses.'®
The North-American version of PAQ-A was anglicised (e.g. recess became
break; soccer became football); a full description of these changes,
application, scoring, validity and reliability of the PAQ-A have been
reported previously.'

Blood pressure. Blood pressure was assessed prior to any physical
exertion, generally after participants completed the basic study self-
reported information and PAQ-A (i.e. after 5-10 min of sitting). Measure-
ments were made after a further 5min of quiet, seated rest using an
automated oscillometric sphygmomanometer (Omron MX3, Omron
Healthcare Europe BV, Hoofddorp, The Netherlands). Researchers fitted
an appropriately sized inflatable cuff (child cuff 10-19 cm, small adult cuff
17-25 cm) around the upper left arm of each participant. Participants were
instructed to sit still in their chair with feet flat on the floor, and legs
uncrossed and left forearm resting on a table with the palm facing
upwards. A minimum of two measurements were obtained for both
systolic (SBP) and diastolic (DBP) blood pressure and were recorded in
millimetres mercury (mmHg). The lowest values were recorded as the first
reading in a series of BP measurements, as these are typically higher when
using an oscillometric measurement device.?® In the case of measurement
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Fig. 1 Path diagrams for latent growth curve models. Path
diagrams for a basic latent growth curve model and b adjusted latent
growth curve model. / and L are both latent variables derived from the
observed variables for (in this case) systolic blood pressure (SBP)
measured at three time points. Baseline measures affect both the
intercept and slope of the growth models, whereas change in waist
circumference and physical activity only affect the slope of the growth
models. | = intercept, L = latent growth curve slope; SBP 1 = Grade 7;
SBP 2 = Grade 9; SBP 3 = Grade 11; S.1 = sex; IMD = Index of Multiple
Deprivation; PA = physical activity, WC = waist circumference, PAd. =
difference (change) in physical activity over 4 years; WCd.=-
difference (change) in waist circumference over 4 years.

error or when there was poor agreement between measures (difference of
>20 mmHg SBP or >10 mmHg DBP), a third measurement was made.

Statistical analyses. Latent growth curve modelling (LGM) was used to
study the development in SBP and DBP over the three assessment points
(Year (Y)0, Y2 and Y4 at Grades 7, 9 and 11, respectively). LGM is a statistical
approach which allows the simultaneous modelling of initial values and
change in values and has the benefit of being able to examine both
differences between individuals and changes within individuals (Fig. N2'A
unique feature of LGM is that it considers both the means and covariances
of repeatedly measured variables in the analysis, allowing statistical
examination of the hypothesised means of variables and covariances
among variables at the same time.?? Supplementary Information 1
provides complete details on the modelling procedures including the
initial goodness-of-fit statistics for each unrestrained latent growth model
curve and the unstandardised estimates for each model. Unconditional
linear growth models were first fitted without additional predictors for SBP
and DBP (Fig. 1a). The intercept and slope (growth parameters) were
specified as latent variables. Restraining the intercept to a value of 1
represents the initial level of BP and the slope represents the rate of
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change in BP over time. Changes in BP over time were initially assumed to
be linear and this was tested assessing the goodness-of-fit statistics for the
covarying linear model in each case. This illustrates how the three
endogenous variables (BP at YO Y2 Y4) were predictors of both the two
latent variables of intercept and slope, which were allowed to covary in the
model.

Maximum likelihood estimation with the full information maximum
likelihood algorithm (FIML) was used to account for missing values. FIML
provides a robust index of fit when data are missing at random, the initial
sample size is sufficiently large (n = 1501) and when endogenous variables
are normally distributed.

To evaluate the goodness-of-fit of the initial models, the xz test,
Comparative Fit Index (CFl), the Tucker-Lewis Index (TLI), the Root Mean
Square Error of Approximation (RMSEA), and the Standardised Root-Mean-
Square Residual (SRMR) were used (Supplementary Information 1). The
model fits the data well if the p value for the x? test is non-significant, CFl
and TLI values are close to 0.95, the RMSEA value is below 0.06, and the
SRMR value is below 0.08.2

After confirming the satisfactory fit for each unconditional model,
baseline (YO, Grade 7) values for deprivation (IMD), WC and PAQ-A score
were introduced as predictors of the initial level (intercept) and
development (slope) of BP (Fig. 1b).

To assess the impact that change in predictor variables had on BP over
the four-year period, change values (A) were calculated for WC and PAQ-A
score. For each predictor, A-values were obtained by subtracting initial (i.e.
YO0) values from Y4 values. These A-values were included in regression
analyses as predictors of the latent variable level (slope) to determine their
influence on change in SBP and DPB over time. The regression coefficients
for the predictor variables represent 1-year changes in WC and PAQ-A
score.

RESULTS

Descriptive characteristics of participants are shown in Table 1.
According to 91st and 98th centile cut-offs,?> SBP was normoten-
sive in 80.5% of boys and 84.9% of girls, pre-hypertensive in 12.3%
of boys and 9.3% of girls, and hypertensive in 7.2% of boys and
5.9% of girls. DBP was normotensive in 63.4% of boys and 58.7%
of girls, pre-hypertensive in 21.3% of boys and 22% of girls, and
hypertensive in 15.3% of boys and 19.3% of girls. According to 91°*
and 98™ centile cut-offs for WC, 68.5% of boys and 68.6% of girls
were normal weight, 12.5% of boys and 9.7% of girls were
overweight, and 19.1% of boys and 21.7% of girls were obese.

Missing data
The frequency and patterns of missing data points for all
independent and dependent variables across the three measure-
ment points are shown in Supplementary Information 2. Complete
data were available for 73.1% (n = 1039) of participants at all three
measurement points. Overall, there were n =473 missing values
for BP, WC, and physical activity (PA)—equivalent to 2.7% of all
values potentially available across the three measurement points.
Little's MCAR test was not significant ()(2:627.3, df =572,
p=0.054) indicating that values were missing completely at
random. Importantly, there were no meaningful differences in
measures of BP, WC, or PA (all d<0.2). Based on this evidence,
data were confirmed as missing completely at random (missing-
ness could not be accounted for by the values of variables
themselves nor explained by the values of other variables
included in the analysis).

Trends in outcomes

Unstandardised mean estimates and variance in intercept and
slope for SBP and DBP are shown in Table 2. Latent covariances
between intercept and slope showed a significant negative
association for SBP (8= -3.57 [1.36], p=0.09) and for DBP
(8= —1.45 [0.74], p = 0.04). The mean values for SBP and DBP are
presented in Fig. 2. Both SBP and DBP increased during the 4-year
observational period in boys and girls. Model fit parameters
showed that the trend was linear (Supplementary Information 1).
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Table 2. Unstandardised mean estimates and variance in intercept and slope.
Intercept (level) Change over time (slope)
Estimate SE p Estimate SE p

SBP (Mean) 1144 0.23 <0.001 2.05 0.07 <0.001
SBP (Variance) 25.5 4.87 <0.001 7.24 217 <0.001
DBP (Mean) 66.6 0.16 <0.001 0.82 0.10 <0.001
DBP (Variance) 10.9 245 <0.001 0.39 0.28 0.152
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Fig. 2 Blood pressure measurements across a 4-year period. Mean (+SD) a systolic and b diastolic blood pressure measurements across a
4-year period for boys and girls. Both systolic (SBP) and diastolic blood pressure (DBP) increased during the 4-year observational period in
boys and girls. In boys, SBP increased from 114.5 + 8.5 mm mercury (mmHg) at Grade 7 to 123.3+7.9 mmHg at Grade 11 and DBP from
66.1 £ 6.4 mmHg at Grade 7 to 69.9 + 5.4 mmHg at Grade 11. In girls, SBP increased from 114.6 + 9.4 mmHg at Grade 7 to 122.3 + 7.6 mmHg at

Grade 11 and DBP from 67.4 £ 6.4 mmHg at Grade 7 to 70.0 £ 5.0 mmHg at Grade 11.

Table 3. Regression coefficients as predictors of intercept and slope of for the development of blood pressure in high school students over 4 years
Grades 7-11.
Intercept Slope
B (SE) Standardised 8 p B (SE) Standardised 8 p
SPB
Sex (female) 0.803 0.490 0.086 0.101 —2.355 0.388 —0.425 <0.001
Deprivation (IMD) —0.027 0.033 —0.042 0.409 0.014 0.026 0.038 0.573
Waist circumference (cm) 0.229 0.030 0.395 <0.001 0.069 0.032 0.201 0.031
Physical activity —0.163 0.492 —-0.017 0.740 0.072 0.463 0.013 0.876
A Waist circumference (cm) 0.084 0.027 0.256 0.002
A Physical activity 0.033 0.325 0.007 0.920
DBP
Sex (female) —1.090 0.362 —0.740 <0.001 —0.264 0.294 0.012 0.103
Deprivation (IMD) 0.123 0.022 0.361 <0.001 0.034 0.019 0.124 0.067
Waist circumference (cm) -0.223 0.349 —0.041 0.523 —0.041 0.025 0.120 0.072
Physical activity —0.032 0.024 —0.086 0.176 —0.822 0.327 0.242 0.020
A Waist circumference (cm) 0.010 0.024 0.004 0.648
A Physical activity —0.650 0.277 0.246 0.019

Factors explaining blood pressure growth

Unstandardised (8) and standardised regression coefficients
(Standardised B) for association between baseline measure and
changes across a 4-year period on BP trajectories are shown in
Table 3. Example plots for the effects of baseline and changes in
WC and PA on SBP are shown in Fig. 3.

Systolic blood pressure

Girls had a lower SBP at baseline and had a smaller increase in SBP
over the 4-year measurement period than boys (8= —2355,
p <0.001). Higher WC at baseline (Y0) (Grade 7) predicted a

SPRINGER NATURE

higher SBP at baseline (8=0.229, p<0.001) and steeper
gradient of the SBP growth trajectory over the 4-year measure-
ment period (8=0.069, p =0.031). An increase in WC over the
4-year period predicted a greater increase in SBP (8=0.084,
p=0.002).

There were no significant association between baseline PAQ-A
score and baseline (p = 0.740) or 4-year change in SBP (p = 0.876),
or between changes in PAQ-A score over the 4-year period and
the gradient of the SBP growth trajectory (p = 0.920).

Level of deprivation had no significant effect on baseline
(p = 0.409) or 4-year growth trajectory (p = 0.573) of SBP.

Pediatric Research
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Fig. 3 Estimated effects of difference in baseline and change in waist circumference and physical activity on SBP. Example plots showing
the estimated effect of differences in baseline and the effect of change in a waist circumference (WC) and b physical activity (PA) on SBP. These
hypothetical scenarios show that children who had increased central adiposity in Grade 7 (increased WC of 5 cm compared to the mean) and
children who increased their central adiposity (increased WC by 5 cm over the 4-year measurement period) had higher SBP in Grade 11 than
children who maintained the mean WC or children who had increased central adiposity at baseline and reduced their central adiposity
(decreased WC of 5cm over the 4-year measurement period). Similar trends were seen for PA, with less active children or children who
reduced their PA over the 4-year measurement period having higher SBP at Grade 11.

Overall, the strongest influences across the 4-year change in
SBP were from baseline and change in WC.

Diastolic blood pressure
Girls had a significantly lower DBP at baseline (8= —1.090,
p<0.001) but the smaller increase in DBP over the 4-year
measurement period than boys was not significant (3 = —0.264,
p =0.103). Baseline WC was not significantly associated with
baseline DBP (p=0.523) or the gradient of the DBP growth
trajectory over the 4-year period (p=0.072). There was no
significant effect of change in WC over the 4-year measurement
period on DBP (p = 0.648). Both baseline PAQ-A score (3 = —0.822,
p=0.020) and changes in PAQ-A score (8= —0.650, p=0.019)
were associated with smaller increases in DBP over the 4-year
period. However, there was no relationship between PAQ-A score
at baseline and DBP at baseline (p =0.176).

Level of deprivation had a significant effect on baseline
(8=0.123, p<0.001) but not 4-year change in DBP (p = 0.067).

DISCUSSION
Hypertension is arguably the most important contributor to CVD,
and while it presents in adulthood, hypertension can develop
during adolescence.®* Since the 1970s, it has been recognised that
stratification of BP begins in childhood,? but little research has
subsequently considered contributing factors. Elevated BP during
childhood tends to track into adulthood,® therefore determining
factors associated with the development of elevated BP in youths
is necessary to prevent or reduce the disease burden resulting
from adult hypertension. This study was carried out in 1501 UK
high-school scholars across 4-years (Grades 7-11; between ages
11 and 16) to evaluate the associations between changes in WC,
PA, and BP growth trajectory in the EoEHHS. Results showed that
WC was significantly associated with SBP, while PA was
significantly associated with DBP. These findings suggest that
targeted interventions to increase PA and reduce adiposity in
adolescents may be required to ameliorate the consistent
increases in BP and reduce the risk of future adult hypertension.
A novel aspect of this longitudinal study was the use of LGM to
identify not only baseline factors that impact development of BP,
but the influence of changes in these factors on BP trajectories.
Consistent with previous research showing that blood pressure
rises with age,® this study demonstrated an average increase in
SBP and DBP over four years but there was considerable variation
between individual children. In some children, SBP and DBP
increased in a near linear manner whereas others stagnated,
increased then decreased or decreased then increased. At
baseline, a higher proportion of children had hypertensive SBP

Pediatric Research

(7.2% of boys, 5.9% of girls) and DBP measures (15.3% of boys,
19.3% of girls) compared to reference values,®> which was likely
related to the high levels of obesity (19.1% of boys, 21.7% of girls)
in this study. The reference data were compiled from UK heath
surveys conducted in the 1990s and childhood obesity in the UK
has since increased. The levels of obesity observed at Grade 7 in
this study were comparable to the levels recently reported for UK
Grade 6 students (23.4%) and reflect the growing public health
problem of adolescent obesity.'

There was a positive association between WC at baseline and
SBP (Table 3), consistent with previous research showing an
association between central adiposity and BP in children.?5®
There was also a positive association between baseline WC and
growth trajectory of SBP. Children with a higher WC at baseline
therefore maintained a higher BP over the 4-year measurement
period compared with children who had a lower WC at baseline,
and the extent of the difference increased with time. An increase
in WC over the 4-year measurement period also predicted a
greater increase in SBP (Fig. 3). Baseline or change in WC did not,
however, affect baseline or slope of the 4-year growth trajectory
for DBP. The higher prevalence of abnormal BP among obese
adolescents compared to normal weight adolescents has been
confirmed in several studies on different cohorts and
populations.?**° Adiposity in adolescence tends to track to
adulthood®' and a greater BMI during adolescence has been
shown to predict adult hypertension.*? Adolescent adiposity has
also been shown to increase the risk of adult CVD, stroke, and
heart failure3?> With regards to an increased BP, a higher
adolescent BMI has been associated with adult subclinical CVD
outcomes such as increased arterial stiffness, greater carotid
intima-media thickness (cIMT) and coronary artery calcification.®
It has also been demonstrated that the prevalence of elevated BP
(=90 percentile) increases fourfold when BMI exceeds the 85t
percentile.>* However, an increased central adiposity, rather than
subcutaneous adiposity, is thought to more robustly associated
with incident hypertension® and a high level of central fatness is
a risk factor for elevated BP in adolescents.*® This finding is an
important consideration in utilising WC rather than body weight
or even BMI as predictor measurements for changes in BP,
especially in adolescents. While weight gain is expected as
children grow, changes in body weight are a function of changes
in lean body mass as well as fat mass, and show opposing
relations with health risk.3”*® Additionally, in children of high-
income countries, changes in body weight, are more strongly
related to changes in lean body mass than they are adiposity.>
Concurrent with the findings of previous studies investigating the
effects of changes in adiposity during adolescent,*>** we found a
positive association between changes in WC and SBP over the
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4-year period, which was of similar magnitude to the effect of
baseline WC on baseline SBP. A child with high central adiposity at
Year 7 and who increased their central adiposity over the 4-year
period (i.e. a fat child who gets fatter) will therefore have the
highest SBP at Year 11 (Fig. 3).

Baseline and increases in PAQ-A score over the 4-year period
resulted in lower DBP at Grade 11 but did not affect baseline or
growth trajectory of SBP. These finding were consistent with
previous research reporting the effect of PA on DBP but not
SBP.'%4° Thus, adolescents with lower PAQ-A scores at baseline had
higher DBP 4 years later compared with more active adolescents at
baseline. Adolescents who increased their PAQ-A score over the
4-year period had lower DBP at Grade 11. Since LGM’s control for
other variables, this effect of PA is independent of central adiposity
which generally has been shown to have an inverse relationship
with PA in previous studies.”’ To our knowledge, no previous
research has investigated the impact of changes in PA on BP
growth trajectories. Increasing PA through various interventions
have been shown to improve both SBP and DBP in children aged
between 6 and 12 years.*? Our results show that adolescents who
increase their PA exhibit lower DBP than children who maintain or
decrease PA, although the effect of PA on SBP was not significant.
Exercise improves arterial compliance, reduces sympathetic tone
and can augment endothelium-dependent vasodilation by
increased production of nitric oxide which may be a reason for
these findings.**** Although precise mechanisms have yet to be
fully elucidated, available data have provided enough information
to establish biologically plausible mechanisms for the relationship
between PA and hypertension.'? It is worth noting that PA
behaviours developed during childhood and adolescence have
been shown to track to adulthood with moderate to high stability.*
Interventions targeting increases in PA are therefore important and
can mitigate at least some of the effect of poor baseline values. It
has been estimated that as little as a 2mmHg reduction in
population average SBP in adults would reduce coronary heart
disease mortality by 4%, while a reduction of 5mmHg would
reduce coronary heart disease mortality by 9%.%° Further, it is
estimated that a 2 mmHg reduction in the population average DBP
would result in a 17% decrease in the prevalence of hypertension.*’
Previous research has shown that PAQ-A score declines by an
average of 0.5 points between Grades 7 and 11."° Adolescents with
a 0.5-point higher PAQ-A score at baseline would experience a
1.64 mmHg smaller increase in DBP over the four-year period
(0.41 mmHg each year), while adolescents who increased their PAQ-
A score by 0.5 points over the study period would experience a
13mmHg smaller increase in DBP over the 4-year period
(0.33mmHg each year: Table 3). The PAQ-A score is a mean of
Likert scale responses; therefore, it is not possible to directly relate
these results to objective PA recommendations. Broadly, increasing
PAQ-A score by 1-point translates to performing activities an
additional 1-2 times a week and moving from ‘hardly ever to
‘sometimes’ or ‘sometimes’ to ‘quite often’ across most activities.
While these changes do not translate directly to reductions in DBP
as this increases with growth, maintaining or increasing PA during
adolescence could slow the rise in DBP over time. This is
meaningful for future hypertension and CVD risk reduction into
adulthood.

While previous cross-sectional research has reported that PA is
negatively associated with BP in adolescents®'" in this and a
previous study,48 baseline measures of PA were not associated
with baseline measures of SBP or DBP. Some of this disparity can
be explained by methodological differences in studies such as the
use of objective or self-reported measures of PA, and the
association between adiposity and both PA and BP which might
confound results. In addition, the PAQ-A only measures overall PA
and does not differentiate between light, moderate and vigorous
intensity activity which might have contributed to the incon-
sistencies in findings. There is evidence to suggest that vigorous
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PA is more beneficial than moderate PA for a variety of health
outcomes in adults,***° and UK guidelines include specific
recommendations for vigorous PA in individuals aged 19-64
years.”" While there are no such recommendations for children,
the benefits of vigorous PA on cardiometabolic risk factors are
becoming increasingly recognised.”*>°

Our findings have important clinical and public health
implications for the prevention of CVD, especially those related
to high BP. Children with elevated BP who are able to normalise
their BP in the period between childhood and adulthood reduce
the likelihood of future CVD compared to those who normalise
their BP in adulthood, highlighting the importance of identifying
and managing factors that contribute to elevated BP in child-
hood.*® Due to absence of data to link a specific BP level in
childhood with adverse outcomes in adulthood, hypertension in
childhood has been defined statistically as a BP level that is
consistently >95th percentile of the normative BP distribution,
adjusted for age, sex, and height. The goals of treatment and
management are to reduce SBP and DBP <90th percentile.””

Limitations
This study has several limitations. Blood pressure measures are a
product of initial values and change over time and the intercept
can only be predicted by past factors (e.g. how active an individual
has been, resulting in how fit they are etc.). Using regression
models to predict 4-year changes using only baseline values is
problematic, because these are affected by the law of initial values
and regression to the mean.>® This means that if an individual has a
high baseline BP, it is likely to increase by a lesser amount than
someone who has a low baseline BP, because populations
homogenise over time. However, the longitudinal design and use
of LGM allowed for the estimation of inter-individual variability in
intra-individual trajectories of change over time.>® Further, the use
of LGM accounts for missing values, whereas participants with
missing values are excluded when using General Linear Models.
Since BP measures were taken at a single visit, the ‘white coat
affect’ likely influenced these. It has been estimated that up to half
of children referred for evaluation of elevated BP have white coat
hypertension.® The use of ambulatory BP monitoring should
therefore be considered in future studies. Further, PAQ-A score was
self-reported. Using self-report assessments is convenient in large
samples but the results can be inconsistent,®’ and inconsistency
might have been magnified in this study because cognitive ability
and comprehension of children changes significantly between
Grades 7 and 11. This might have introduced random measure-
ment error which can attenuate associations and thus induce
bias.%? Additionally, WC was used as a measure of central adiposity
and while this measure has been shown to be valid, it is
nonetheless an indirect measure and more advanced direct
measures (e.g. dual-energy X-ray absorptiometry) would provide
better estimates of overall adiposity. However, such measures are
impractical in large-scale studies. Finally, because there were no
data collected for nutritional habits, smoking drinking habits or
parental cardiovascular disease, it was not possible to include these
in our models. At the time of design, it was decided that
assessment of nutritional status (in addition to the anthropometric,
physiological, and PA information captured at three time points)
would place an unacceptable burden on participants and schools.
Our participants were all under the age of 18 years (the legal age to
smoke and drink in the UK) therefore these behaviours are not
representative® > and any self-report data were likely to be
biased. Parental ages predominantly ranged from 40 to 50 years, so
a high prevalence of cardiovascular disease was unlikely.

CONCLUSION
To conclude, adolescents who increased their WC relative to the
mean had significantly higher SBP at Grade 11. Baseline and
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changes in PAQ-A score during adolescence were negatively
associated with the 4-year growth trajectory of DBP. Specifically,
adolescents with low PA at baseline, and/or adolescents who
decreased their PA over the 4-year period exhibited the highest
DBP at Grade 11. Regardless of baseline values, interventions that
increase PA and reduce adiposity in adolescents could result in
meaningful reductions in BP at Grade 11, which, in turn, could
reduce risk of hypertension and manifest CVD into adulthood. Our
findings underscore the prognostic value of PA and WC in
predicting changes in blood pressure in adolescents. As such,
these results could be valuable in planning related age-specific
programmes to prevent hypertension in similar cohorts in other
high-income countries and prevent later adult hypertension.
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Data are available on the UK Data Archive: https://doi.org/10.5255/UKDA-SN-7456-1.

REFERENCES

1.

20.

21.

22.

Benjamin, E. J. et al. Heart disease and stroke statistics—2017 update: a report
from the American Heart Association. Circulation 135, e146-e603 (2017).

. Jackson, L. V., Thalange, N. K. S. & Cole, T. J. Blood pressure centiles for Great

Britain. Arch. Dis. Child. 92, 298-303 (2007).

. Chen, X. & Wang, Y. Tracking of blood pressure from childhood to adulthood: a

systematic review and meta-regression analysis. Circulation 117, 3171-3180 (2008).

. Toschke, A. et al. Meta-analysis of blood pressure tracking from childhood to

adulthood and implications for the design of intervention trials. Acta Paediatr. 99,
24-29 (2010).

. Ingelfinger, J. R. The child or adolescent with elevated blood pressure. N. Engl. J.

Med. 370, 2316-2325 (2014).

. Ewald, D. R. & Haldeman, L. A. Risk factors in adolescent hypertension. Glob.

Pediatr. Health 3, 2333794X15625159 (2016).

. Perez-Bey, A. et al. Fitness, waist circumference and their association with future

blood pressure in youth: the UP&RDOWN Longitudinal Study. J. Sci. Med. Sport 24,
573-579 (2021).

. Eisenmann, J. C. et al. Relationship between adolescent fitness and fatness and

cardiovascular disease risk factors in adulthood: the Aerobics Center Longitudinal
Study (ACLS). Am. Heart J. 149, 46-53 (2005).

. Bailey, D. P. et al. Associations between cardiorespiratory fitness, physical activity

and clustered cardiometabolic risk in children and adolescents: the HAPPY study.
Eur. J. Pediatr. 171, 1317-1323 (2012).

. Carson, V. et al. Light-intensity physical activity and cardiometabolic biomarkers

in US adolescents. PLoS ONE 8, e71417 (2013).

. Williams, R. A. et al. Physical fitness, physical activity and adiposity: associations

with risk factors for cardiometabolic disease and cognitive function across ado-
lescence. BMC Pediatr. 22, 75 (2022).

. Diaz, K. & Shimbo, D. Physical activity and the prevention of hypertension. Curr.

Hypertens. Rep. 15, 659-668 (2013).

. Torrance, B. et al. Overweight, physical activity and high blood pressure in chil-

dren: a review of the literature. Vasc. Health Risk Manag. 3, 139-149 (2007).

. Ogunleye, A. A. et al. Contrasting physical activity patterns in children and

adolescents living in differing environments in the UK. Scand. J. Public Health 39,
696-703 (2011).

. Stevens, G. A. et al. Guidelines for accurate and transparent health estimates

reporting: the GATHER statement. Lancet 388, e19-e23 (2016).

. ONS. The English Indices of Deprivation 2007 (Revised) (Office of The Deputy Prime

Minister, 2015).

. Kowalski, K. C., Crocker, P. R. E. & Faulkner, R. A. Validation of the Physical Activity

Questionnaire for older children. Pediatr. Exerc. Sci. 9, 174-186 (1997).

. Sandercock, G. R. H.,, Ogunleye, A. & Voss, C. Screen time and physical activity in

youth: thief of time or lifestyle choice? J. Phys. Act. Health 9, 977-984 (2012).

. Voss, C,, Ogunleye, A. A. & Sandercock, G. R. Physical Activity Questionnaire for

children and adolescents: English norms and cut-off points. Pediatr. Int. 55,
498-507 (2013).

Gillman, M. W. & Cook, N. R. Blood pressure measurement in childhood epide-
miological studies. Circulation 92, 1049-1057 (1995).

Berlin, K. S, Parra, G. R. & Williams, N. A. An introduction to latent variable mixture
modeling (part 2): longitudinal latent class growth analysis and growth mixture
models. J. Pediatr. Psychol. 39, 188-203 (2014).

Park, I. & Schutz, R. W. An introduction to latent growth model: analysis of
repeated measures physical performance data. Res. Q. Exerc. Sport 76, 176-192
(2005).

Pediatric Research

S.P. Waterworth et al.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

Hu, L. & Bentler, P. M. Cutoff criteria for fit indexes in covariance structure ana-
lysis: conventional criteria versus new alternatives. Struct. Equ. Model Multidiscip. J.
6, 1-55 (1999).

Bao, W. et al. Essential hypertension predicted by tracking of elevated blood
pressure from childhood to adulthood: the Bogalusa Heart Study. Am. J. Hyper-
tens. 8, 657-665 (1995).

Zinner, S. H. et al. A longitudinal study of blood pressure in childhood. Am. J.
Epidemiol. 100, 437-442 (1974).

Agostinis-Sobrinho, C. et al. Cardiorespiratory fitness and blood pressure: a
longitudinal analysis. J. Pediatr. 192, 130-135 (2018).

NHS. National Child Measurement Programme. NHS Digital. https://digital.nhs.uk/
data-and-information/publications/statistical/national-child-measurement-
programme (2022).

Ruiz, J. R. et al. Body fat is associated with blood pressure in school-aged girls
with low cardiorespiratory fitness: the European Youth Heart Study. J. Hypertens.
25, 2027-2034 (2007).

Plachta-Danielzik, S. et al. Association of different obesity indices with blood pres-
sure and blood lipids in children and adolescents. Br. J. Nutr. 100, 208-218 (2008).
Willig, A. L. et al. Adjusting adiposity and body weight measurements for height
alters the relationship with blood pressure in children. Am. J. Hypertens. 23,
904-910 (2010).

Sorof, J. & Daniels, S. Obesity hypertension in children. Hypertension 40, 441-447
(2002).

Schwandt, P. et al. Blood pressure percentiles in 22,051 German children and
adolescents: the PEP Family Heart Study. Am. J. Hypertens. 28, 672-679 (2015).
Spolidoro, J. V. et al. Waist circumference in children and adolescents correlate with
metabolic syndrome and fat deposits in young adults. Clin. Nutr. 32, 93-97 (2013).
Ohlsson, C. et al. BMI increase through puberty and adolescence is associated
with risk of adult stroke. Neurology 89, 363-369 (2017).

Pool, L. R. et al. Childhood risk factors and adulthood cardiovascular disease: a
systematic review. J. Pediatr. 232, 118.e23-126.e23 (2021).

Tu, W. et al. Intensified effect of adiposity on blood pressure in overweight and
obese children. Hypertension 58, 818-824 (2011).

Chandra, A. et al. The relationship of body mass and fat distribution with incident
hypertension. J. Am. Coll. Cardiol. 64, 997-1002 (2014).

GBD. Global, regional, and national comparative risk assessment of 84 beha-
vioural, environmental and occupational, and metabolic risks or clusters of risks,
1990-2016: a systematic analysis for the Global Burden of Disease Study 2016.
Lancet 390, 1345-1422 (2017).

Kindblom, J. M. et al. BMI changes during childhood and adolescence as pre-
dictors of amount of adult subcutaneous and visceral adipose tissue in men.
Diabetes 58, 867-874 (2009).

Leitzmann, M. F. et al. Waist circumference as compared with body-mass index in
predicting mortality from specific causes. PLoS ONE 6, e18582 (2011).

Bergh, I. H. et al. Weight development from age 13 to 30 years and adolescent
socioeconomic status: The Norwegian Longitudinal Health Behaviour study. Int. J.
Public Health 61, 465-473 (2016).

Novotny, R. et al. Pacific Kids DASH for Health (PacDASH) randomized, controlled
trial with DASH eating plan plus physical activity improves fruit and vegetable
intake and diastolic blood pressure in children. Child Obes. 11, 177-186 (2015).
Richmond, R. C. et al. Assessing causality in the association between child
adiposity and physical activity levels: a Mendelian randomization analysis. PLoS
Med 11, e1001618 (2014).

Cesa, C. C. et al. Physical activity and cardiovascular risk factors in children: meta-
analysis of randomized clinical trials. Prev. Med. 69, 54-62 (2014).

Dimeo, F. et al. Aerobic exercise reduces blood pressure in resistant hypertension.
Hypertension 60, 653-658 (2012).

Goto, C. et al. Effect of different intensities of exercise on endothelium-
dependent vasodilation in humans. Circulation 108, 530-535 (2003).

Flhner, T. et al. An update on secular trends in physical fitness of children and
adolescents from 1972 to 2015: a systematic review. Sports Med. 51, 303-320 (2021).
Stamler, J. et al. INTERSALT study findings. Public health and medical care
implications. Hypertension 14, 570-577 (1989).

Whelton, P. K. et al. Primary prevention of hypertension: clinical and public health
advisory from The National High Blood Pressure Education Program. JAMA 288,
1882-1888 (2002).

Barros, M. V. G. et al. Does self-reported physical activity associate with high
blood pressure in adolescents when adiposity is adjusted for? J. Sports Sci. 31,
387-395 (2013).

Ding, D. et al. Physical activity, diet quality and all-cause cardiovascular disease
and cancer mortality: a prospective study of 346 627 UK Biobank participants. Br.
J. Sports Med. 56, 1148-1156 (2022).

Kerr, C. J. et al. The associations between physical activity intensity, cardior-
espiratory fitness, and non-alcoholic fatty liver disease. J. Gastroenterol. Hepatol.
36, 3508-3514 (2021).

SPRINGER NATURE


https://doi.org/10.5255/UKDA-SN-7456-1
https://digital.nhs.uk/data-and-information/publications/statistical/national-child-measurement-programme
https://digital.nhs.uk/data-and-information/publications/statistical/national-child-measurement-programme
https://digital.nhs.uk/data-and-information/publications/statistical/national-child-measurement-programme

S.P. Waterworth et al.

53. NHS. Physical activity guidelines for adults aged 19 to 64. nhs.uk. https:/
www.nhs.uk/live-well/exercise/ (2018).

54. Andersen, L. B. et al. Physical activity and clustered cardiovascular risk in children:
a cross-sectional study (The European Youth Heart Study). Lancet 368, 299-304
(2006).

55. Hay, J. et al. Physical activity intensity and cardiometabolic risk in youth. Arch.
Pediatr. Adolesc. Med 166, 1022-1029 (2012).

56. Gralla, M. H. et al. Associations of objectively measured vigorous physical activity
with body composition, cardiorespiratory fitness, and cardiometabolic health in
youth: a review. Am. J. Lifestyle Med. 13, 61-97 (2019).

57. Carson, V. et al. Compositional analyses of the associations between sedentary
time, different intensities of physical activity, and cardiometabolic biomarkers
among children and youth from the United States. PLoS ONE 14, 0220009
(2019).

58. Kelly, R. K. et al. Factors affecting tracking of blood pressure from childhood to
adulthood: the childhood determinants of Adult Health Study. J. Pediatr. 167,
1422.e2-1428.e2 (2015).

59. Hamrahian, S. M. & Falkner, B. Approach to hypertension in adolescents and
young adults. Curr. Cardiol. Rep. 24, 131-140 (2022).

60. Barnett, A. G,, van der Pols, J. C. & Dobson, A. J. Regression to the mean: what it is
and how to deal with it. Int. J. Epidemiol. 34, 215-220 (2005).

61. Coppens, E. et al. Developmental change in motor competence: a latent growth
curve analysis. Front. Physiol. 10, 1273 (2019).

62. Hanevold, C. D. White coat hypertension in children and adolescents. Hyperten-
sion 73, 24-30 (2019).

63. Skender, S. et al. Accelerometry and physical activity questionnaires - a sys-
tematic review. BMC Public Health 16, 515 (2016).

64. Brakenhoff, T. B. et al. Random measurement error: why worry? An example of
cardiovascular risk factors. PLoS ONE 13, e0192298 (2018).

65. NHS. Smoking, drinking and drug use among young people in England 2018.
NDRS. https://digital.nhs.uk/data-and-information/publications/statistical/
smoking-drinking-and-drug-use-among-young-people-in-england/2018 (2018).

ACKNOWLEDGEMENTS

We thank the principals, teachers, parents and schoolchildren for their support and
participation in the East of England Healthy Hearts Study. We also thank our research
staff and university students for their invaluable contributions to this study.

AUTHOR CONTRIBUTIONS

S.P.W. and G.R.S. conceived the study and assume responsibility for analyses and data
interpretation. S.P.W., BS.S. and 1.S. wrote the first draft of the manuscript. CJK,
H.C.C. and CJ.M. reviewed and commented on the initial draft. All authors revised
subsequent versions of the manuscript.

SPRINGER NATURE

FUNDING
The East of England Healthy Hearts Study was funded by the University’s Research
Development Fund.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
The study was approved by the University of Essex ethics committee and conforms to
the Declaration of Helsinki. Parental consent and participant assent were obtained.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41390-023-02837-2.

Correspondence and requests for materials should be addressed to Sally P.
Waterworth.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Pediatric Research


https://www.nhs.uk/live-well/exercise/
https://www.nhs.uk/live-well/exercise/
https://digital.nhs.uk/data-and-information/publications/statistical/smoking-drinking-and-drug-use-among-young-people-in-england/2018
https://digital.nhs.uk/data-and-information/publications/statistical/smoking-drinking-and-drug-use-among-young-people-in-england/2018
https://doi.org/10.1038/s41390-023-02837-2
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Four-year longitudinal associations of physical activity, waist circumference, and blood pressure in UK adolescents
	Introduction
	Methods
	East of England Healthy Hearts Study
	Protocol
	Geographic entities
	Anthropometry
	Physical activity levels
	Blood pressure
	Statistical analyses


	Results
	Missing data
	Trends in outcomes
	Factors explaining blood pressure growth
	Systolic blood pressure
	Diastolic blood pressure

	Discussion
	Limitations

	Conclusion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




