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Abstract

Hypertension is associated with cardiovascular events in adults. Subclinical changes to left
ventricular strain and diastolic function have been found prior to development of decreased left
ventricular ejection fraction (LVEF) and cardiovascular events. Our objective was to study effects
of blood pressure (BP) on ventricular function in youth across the blood pressure spectrum. Vital
signs and labs were obtained in 346 participants aged 11-19 years who had blood pressure
categorized as low-risk (L = 144; SBP <75th percentile), mid-risk (M = 83; SBP =80th and <90th
percentile), and high-risk (H = 119; SBP = 90th percentile). Echocardiography was performed to
assess left ventricular strain and diastolic function. Differences between groups were analyzed by
ANOVA. General linear models were constructed to determine independent predictors of systolic
and diastolic function. M and H participants had greater adiposity and more adverse metabolic
labs (lower HDL, higher glucose, and higher insulin) than the L group. M and H participants had
significantly lower left ventricular ejection fraction (LVEF) and peak global longitudinal strain
(GLS) than the L group (both p<0.05). The E/e’ ratio was higher in the H group versus the L and
M groups, and the e’/a’ ratio was lower in the H versus the L group (both p<0.05). Blood pressure
and adiposity were statistically significant determinants of left ventricular systolic and diastolic
function. Subclinical changes in left ventricular systolic and diastolic function can be detected
even at BP levels below the hypertensive range as currently defined.

Summary

This study expands our understanding of the effect of blood pressure on ventricular function
across the blood pressure spectrum demonstrating that subclinical changes in ventricular function
were evident in youth at levels below current definitions of hypertension. Our data contributes to
future risk stratification of these patients and emphasizes the importance of regular screening and
management of elevated blood pressure.

Graphical Abstract

What is the effect of blood pressure (BP) on ventricular function
in youth across the blood pressure spectrum?

| 346 Participants | Age 11-19 Years

Mid Risk (M)
SBP = 80t Percentile
& < 90t Percentile
N=83
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Introduction

Methods

Hypertension is known to be associated with cardiovascular (CV) disease in adults, and
increases risk for stroke,2, 3 myocardial infarction,2, 3 and heart failure.# Subclinical
changes in left ventricular strain, a sensitive measure of systolic function, are seen in
hypertensive adults prior to the development of these hard CV events.5, 6 Abnormalities in
diastolic function are also seen in hypertension’ and in heart failure with preserved ejection
fraction (HFpEF) prior to decreases in gross measures of ventricular function such as
ejection fraction.® Controlling BP in hypertensive patients is key to halting the progression
from these early ventricular changes to heart failure.8

To date, data examining the relationship between blood pressure (BP) levels and left
ventricular strain in youth are limited.9, 10 More pediatric studies are available examining
subclinical changes in diastolic function in hypertensive youth.11-13 However, these studies
have been small or used the older Fourth Report!* definition of childhood hypertension.
Therefore, the primary aim of our study was to examine the relationship between left
ventricular strain and diastolic function and BP in a large, multi-racial cohort and to
determine if subclinical changes in ventricular function occur not only in hypertensive youth
but also at lower BP levels. We suspected that increased abnormalities in ventricular
function would be significantly related to hypertension, but that a significant relationship
also might emerge with BP in the higher end of the normal distribution, after adjusting for
specific sociodemographic and related medical covariates.

Study Design

The data that support the findings of this study are available from the corresponding author
upon reasonable request. Participants in a multi-center study (5 sites) examining the
cardiovascular effects of high BP on youth were included (N = 346, 57.5% male, 62.7%
White, 27.2% Black, 4.3% Asian, and 5.8% Other).15 Participants were stratified by systolic
blood pressure (SBP) into low risk (L = 144; SBP <75th percentile), mid-risk (M = 83; SBP
>80th and <90th percentile), and high-risk (H = 119; SBP = 90th percentile) groups
according to the Fourth Report!* BP definitions as recruitment for the study started prior to
release of the American Academy of Pediatrics (AAP) Clinical Practice Guidelines.16 We
chose these thresholds because we hypothesized that changes to ventricular function would
occur at BP levels <95th percentile. The participant BPs were then reanalyzed using the new
BP guidelines’® to determine updated BP percentiles and for analyses in this study.
Participants were kept in the original group into which they were recruited. None of the
patients were on antihypertensive drug therapy at the time of recruitment. The ages of the
participants ranged from 11-19 years (mean age = 15.5 + 1.8 years). Demographic data,
anthropometric data, vital signs, and lab values (fasting lipid panel, fasting glucose and
insulin, creatinine, uric acid, C-reactive protein [CRP], and urine Na/K ratio) were obtained.

This study has undergone institutional review board review and approval at each
participating institution. All participants and their parent/guardian provided written informed
consent or assent according to local institutional review board requirements.
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Study Assessments

Casual BP Measurement—-BIlood pressure measurements were obtained in the right arm
by auscultation of the brachial artery using an aneroid sphygmomanometer (Mabis
MedicKit5; Mabis Healthcare, Waukegan, IL). All study personnel responsible for BP
measurement underwent standardized training and certification in the auscultatory BP
measurement protocol. Four BP measurements at 30-second intervals were obtained on each
of 2 separate visits, with the average of the 2nd, 3rd, 4th and 6th, 7th, 8th BP measurements
used as the study BP value. Full details of BP measurement in this study were described
previously.1>

Cardiac Measurements—Cardiac sonographers were trained in the echocardiographic
protocol, and standard cardiac ultrasound systems were used at each site. Parasternal long-
axis, parasternal short-axis, apical 4-chamber, apical 2-chamber, high parasternal short-axis,
and suprasternal notch views were obtained with 14 images collected with the subject
supine.

A trained sonographer used the Cardiology Analysis System (Digisonics, Houston, TX) to
measure offline the left ventricular (LV) end-diastolic dimension, LV end-systolic
dimension, end-diastolic interventricular wall thickness, and LV end-diastolic and end-
systolic posterior wall thickness.

LV mass was calculated using the Deveraux equation?’ from 2-dimensional M-Mode images
of the LV at end diastole.18, 19 LV mass index (LVMI) was defined as LV mass/ht2.7 as
described by DeSimone20 to account for body size without overcompensating for obesity.

Systolic function was evaluated by tracing the endocardium from the 4-chamber view at
peak systole and end diastole using TOMTEC software (TOMTEC Corporation, Chicago,
IL) offline to quantify global longitudinal strain (GLS), determine strain rate, and calculate
LV ejection fraction (LVEF).21 GLS measurements were obtained at native echo frame rates
(40-60 frames per second). LV shortening fraction (LVSF) was also obtained. Diastolic
function was assessed using pulse wave Doppler of the mitral inflow velocity in the apical 4-
chamber view to determine E/A ratio. Tissue Doppler imaging (TDI) of the mitral annular
inflow was recorded at the lateral and septal annulus with the e’/a’ ratios from both regions
averaged.

Statistical Analysis

Statistical Analysis Software (SAS, version 9.4, Cary, North Carolina, USA) was used in
analyses. Means and standard deviations or frequency and percentage were calculated for
anthropometric, laboratory, hemodynamic, and echocardiogram data stratified by BP group.

Distributions of key variables were evaluated and variance stabilizing procedures were
employed as needed. To address the primary research question, differences in mean values
between groups were analyzed using analysis of variance or chi square as appropriate.
Bonferroni correction was performed to adjust for multiple comparisons.
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To determine independent predictors of systolic and diastolic function, bivariate correlations
were calculated between covariates and echocardiogram parameters. A general linear model
was constructed with the significant covariates used to construct a parsimonious model to
test independent determinants of systolic and diastolic function. Nonsignificant covariates in
the initial models were removed by stepwise regression until the remaining covariates were
significant.

Results

Participant Characteristics

The M and H groups had a more adverse cardiovascular risk profile (table 1) including
higher levels of adiposity, insulin, and lower HDL cholesterol (all p<0.05). The H group had
significantly higher levels of uric acid compared to the L group (0<0.05). There were no
differences in LDL, triglycerides, or CRP between groups.

Systolic Function

The M and H groups had lower (less negative) peak GLS compared to the L group that was
significant (p=0.02) prior to Bonferroni correction but was less so after correction (p=0.06,
Table 2 & Figure 1). GLS rose in a linear fashion with increasing SBP percentile without a
threshold effect (R2=0.03, p=0.0044, data not shown). There was no significant difference in
strain rate between groups (Table 2). LVEF was significantly higher in the L group versus
the M group (p<0.05), and LVMI was significantly higher in the M and H groups compared
to the L group (p<0.05).

Diastolic Function

The E/e’ ratio in the H group was significantly higher than the L and M groups (p<0.05,
Table 2 & Figure 2). The e’/a’ ratio was also significantly lower in the H versus the L group
(0=<0.05). Similar to GLS, diastolic function measures were also related to SBP percentile in
a linear fashion (R?=0.02, p=0.01, data not shown).

Multivariate Analysis

In multivariate models (Table 3), SBP percentile remained an independent determinant of
E/e’ ratio and GLS while DBP percentile associated with LVSF, LVEF, log E/A, E/e’, and
e’/a’. Adiposity (waist/height ratio) was associated with all measures of systolic and
diastolic function except for LVSF.

Discussion

Data from this study demonstrate that elevated BP, at levels below the current definition of
hypertension in youth, are associated with subclinical changes in systolic and diastolic
ventricular function in adolescents. Consistent with our hypothesis, reduction in systolic and
diastolic ventricular function were associated in a linear manner with BP percentile. This
finding is notable given that current pediatric hypertension guidelines use a statistical cut-
point based on the BP distribution of healthy children and a single static cut-point (=130/80
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mmHg) in adolescents’6 to define hypertension rather than linking BP thresholds with
increased cardiovascular risk as in adult hypertension guidelines.!

Our study demonstrated that GLS decreases in the setting of elevated BP. Adult studies have
shown reduced strain in the setting of hypertension5, 6, 22, 23 even with preserved LVEF.
Kraigher-Krainer et al. found that GLS systematically decreases in a stepwise fashion when
comparing controls to hypertensive adults to those with heart failure with preserved ejection
fraction (HFpEF).8 These findings are important because strain may be a more sensitive
measure of systolic function. In fact, compared to LVEF, GLS was found to be a superior
predictor of cardiovascular outcomes,?4 and subjects with lower GLS had higher risk for a
composite endpoint of incident heart failure, acute myocardial infarction, or cardiovascular
death.25 Additionally, hypertension appears to result in accelerated GLS reduction as
Masugata et al. reported significantly reduced GLS in hypertensive subjects compared to
controls with hypertensive group measurements being more in line with those seen in
normal subjects at age 70-80s.22 Whether there are sex differences in the utility of strain as
a predictor of CV risk is not clear, although Biering-Sorensen et al. found that GLS was an
independent predictor of outcomes in men but not in women.2> Qur findings also show that
sex influences GLS with females having less of a decrease in strain compared to males in
our general linear model (Table 3).

The increases in LVMI and diastolic dysfunction associated with hypertension7, 12, 16 do
not necessarily explain the reduction of GLS in hypertension. A study comparing
hypertensive young adults to normotensive competitive rowers and untrained controls
showed decreased GLS in the hypertensive group compared to the other groups despite no
differences in LVEF across groups and similar LVMI between rowers and hypertensive
subjects.23 However, the E/A ratio was significantly lower in the hypertensive group
compared to controls and the E/e’ ratio was significantly higher in the hypertensive group
compared to both the rowers and control group. On the other hand, Szelenyi et al. found that
GLS was reduced in hypertensive subjects regardless of having reduced or normal diastolic
function compared to healthy controls.> We found higher LVMI in our M and H group
compared to the L group and worse diastolic function in the H group compared to the L and
M groups (higher E/e’ ratio in H versus L & M and lower e’/a’ in H versus L group).

Few pediatric data exist relating BP levels to strain. Celik et al. recently reported that GLS
and global radial strain was significantly decreased in treated hypertensive youth compared
to controls despite both groups having similar office and 24 hour ambulatory BP.10 The
study was small (N = 45 controls, N = 60 hypertensive) and focused on hypertensive
subjects already on antihypertensive medication. Navarini et al. also reported that GLS was
significantly reduced in adolescents with hypertension compared to controls, with no
difference in LVEF or LV volumes between groups.® However, this was a small study (N =
37 controls, N = 26 hypertensive), included predominantly Caucasian participants, and
dichotomized the recruitment into normotensive and hypertensive (BP = 95 percentile)
subjects. Our study similarly found a significant reduction in GLS with higher BP. However,
our study adds to the prior findings by including a larger study sample of multi-racial
participants and by evaluating strain across the BP distribution. Our data demonstrate
reductions in GLS that are associated with increasing BP percentile level without a threshold
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effect. Though LVEF for all patients were in the normal range, our participants with BP in
the 80-90% range (M group) also had reduced GLS compared to truly normotensive youth
(L mean SBP percentile = 50.0 + 27.2). These findings suggest that subclinical changes to
systolic function are evident even in patients with mild elevations in BP without
hypertension.

More data are available relating diastolic dysfunction to hypertension in both adults7, 26 and
children,9, 11-13 with pediatric studies showing significantly lower e’/a’ ratios and higher
E/e’ ratios in hypertensive patients. The study by Agu et al.1? was multiethnic and had a
similar age range as our study but had a smaller study population (N = 46 hypertensive, N =
34 controls) and used the Fourth Report!4 for BP classification. Urbina et al.12 included a
large proportion of subjects with diabetes mellitus (N = 258), included young adults up to
age 23 years, and also used the Fourth Report!4 for BP classification. The study by
Zamojska et al.13 had a smaller study population (N = 34 hypertensive, N = 30 controls) that
encompassed primarily male Polish children. Navarini et al.? also had a smaller study
population (N = 26 hypertensive, N = 37 controls) and used the Fourth Report!4 for BP
classification. Our study supports the findings of the previously mentioned studies in a large,
multi-ethnic cohort with the e’/a’ ratio being significantly lower in the H group versus the L
group and the E/e’ ratio being higher in the H versus the L and M groups. These early
diastolic changes are important because the presence of diastolic dysfunction is a known
precursor to HFpEF.8, 27

This was a cross-sectional study so changes in echocardiogram findings over time are not
able to be determined. Blood pressures were obtained in clinic rather than through
ambulatory blood pressure monitors (ABPMSs). Since not all clinical sites have access to
ABPMs, this initial study was focused on the clinical setting. Future analyses may be
performed with ABPMs. Adiposity contributes to left ventricular hypertrophy and diastolic
dysfunction even in the absence of hypertension,28 and BMI is a known independent
determinant of LVMI.2% Our study also found that adiposity (WHR) independently
influenced parameters of systolic and diastolic function. Though the study aimed to balance
adiposity across groups, the H group had slightly higher WHR than the L group. However,
the differences are small and overall, the cohort is heavier in weight which may limit
generalizability to a lean population. Additionally, our study used tissue Doppler imaging to
assess global longitudinal strain rather than the speckle tracking technique. Although
speckle tracking is less angle dependent, TDI has better temporal resolution30, 31 and does
not require specialized software on the echo machines (can be read offline) thus facilitating
multi-center studies.

Perspectives

Subclinical changes in left ventricular systolic and diastolic function are present even at
levels below the current definition of hypertension. These findings support annual blood
pressure screening and lifestyle modification for mild blood pressure elevation. Our study
provides data to inform future guidelines in setting risk thresholds for children with elevated
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BP when considering therapy. The subclinical changes in systolic and diastolic function
found in our study suggest that screening for these markers may eventually be a helpful
adjunct in evaluating youth with elevated blood pressure.
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Novelty and Significance
What is New?

. Subclinical changes in ventricular systolic and diastolic function are present
in youth at blood pressure (BP) levels below the hypertensive range as
currently defined.

. BP and adiposity were independent determinants of ventricular systolic and
diastolic function in youth.

What is Relevant?

. These findings highlight the importance of regular screening and management
of youth with elevated blood pressure and provide data to inform future BP
guidelines in determining risk thresholds.
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Peak longitudinal strain by blood pressure group. *P=0.02 (before Bonferroni correction; P

= 0.06 after correction), L>M&H
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Table 1.

Characteristics of low-, mid-, and high-risk BP groups

Parameters Low (L) Mid (M) High (H)
N= 144 N=83 N=119

Age (years) 156+15 159+19 15118

Sex (% male)” 73(50.69) 56 (67.47) 70 (58.82)
Race (% Caucasian) 95 (65.52) 50 (60.24) 72 (60.5)
Ethnicity (% Hispanic) 21 (14.48) 16 (19.28) 19 (15.97)
Height (cm) 168.2+9.1 171.2+11.2 168.0+10.1
Weight (kg)’t 747+228 872+295 834+249
BMI (kg/m2)7 262+68 294+88 29376
Waist/Height ratio? 050+0.10 053+0.11  0.55+0.11
Total cholesterol (mg/dl) 151 +31 155 + 36 156 + 34
LDL (mg/dI) 85+ 27 91 + 30 92 +28
HDL (mg/dl)/ 48+12 43+116 43212
Triglycerides (mg/dl) 93 + 62 104 + 61 99 + 50
Glucose (mg/dl)S 88+7 90 +11 91+8
Insulin (microIU/dI)’t 1r+£12 22%15 2315
Creatinine (mg/dl)” 071+043 0.77£019  0.73£0.17
Uric Acid (mg/dN)$ 54+16 58+14 59+15
CRP (mg/dl) 17423  16%21 22425
Urine Na/K ratio 419+3.02 423+3.26 4.11+£2.70
K1 SBP (mmHg)? 111+10  126+6 133+7

K5 DBP (mmHg)# 75£10 82+7 86+9
MAP (mmHg)# 876 9745 101+7

SBP percentile CPG# 50.0+27.2 86.0+78 95.5+3.3
DBP percentile CpG-f 734+244 90.1+10.1 92.3+135

HR (bpm) 72+12 69+ 12 73+13

Data is expressed as mean and standard deviation or frequency and percentage where appropriate. BM/, body mass index; CPG, 2017 AAP
pediatric hypertension clinical practice guideline, CRR, C-reactive protein, DBPF, diastolic blood pressure; /DL, high density lipoprotein; 4R, heart
rate; K1, Korotkoff sound 1; K5, Korotkoff sound 5; LDL, low density lipoprotein; MAP, mean arterial pressure; SBF, systolic blood pressure.

P<0.05 for:

*

M>H

TL<M

¢L<M&H

§L<H
//L>M&H

L<M<H using Bonferroni correction.
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Table 2.

Echocardiogram characteristics of low-, mid-, and high-risk BP groups

Variable Low (N=144) Mid (N=83) High (N=119)
LVMI (g/m?7)* 31+7 347 347

Peak Longitudinal Strain (%) -21.2+33 -20.0+35 -20.1+33
Peak Longitudinal Strain Rate (/sec) -1.05+0.24 -1.03+0.25 -1.03+0.19
LVSF (%) 375+45 36.2+4.7 37.8+45
LVEF (%) 7 585+7.1 55.9+7.0 56.5+6.7
E/A ratio 2.36+0.71 2.20 £ 0.64 2.18 £ 0.65
Ele’ ratio? 6.0x14 58+13 65+15

e'fa’ ratio$ 25+08 23+06 22+06

Data is expressed as mean and standard deviation. LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; LVSF, left ventricular
shortening fraction.

p<0.05 for:
*

L<M&H
TL>M
JtL&M<H

§L>H using Bonferroni correction.
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Table 3.

Independent determinants of systolic and diastolic function

Parameter GLS SF EF Log E/A  Ele’ e'la’
Intercept -28.17 40.00 63.66 1.57 1.95 2.06
SBPpct 0.019 0.0019

DBPpct -0.032 -0.081 -0.0026 -0.0021 -0.0016
Age 0.28 -0.021  -0.019
Sex -1.11 1.84 0.091
Race 1.95

Waist/Height ~ 6.80 -9.73 -0.36 0.38 -0.92
HR -0.0055 -0.0067
R? 0.13 0.02 0.10 0.13 0.10 0.27

All model p<0.01 and all parameter estimates p< 0.05.

DBPpct, diastolic blood pressure percentile; HR, heart rate; SBPpct, systolic blood pressure percentile.

Novelty and Significance
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