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Impaired cardiac autonomic nervous system function is
associated with pediatric hypertension independent of

adiposity
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BACKGROUND: We examined whether sympathetic nervous
system activity influences hypertension status and systolic
blood pressure (SBP) independent of adiposity in youth rang-
ing from normal-weight to severe obesity.

METHODS: We examined the association of heart rate vari-
ability (HRV) with hypertension status and SBP among youth
(6-18 y old; n = 188; 103 female). Seated SBP was measured
using an automated cuff. Prehypertension (SBP percentile >
90th to <95th) and hypertension (SBP percentile > 95th) were
defined by age-, sex-, and height-norms. Autonomic nervous
system activity was measured using HRV via SphygmoCor MM3
system and analyzed for time- and frequency-domains. Total
body fat was measured via dual-energy X-ray absorptiometry.
RESULTS: Logistic regression models demonstrated lower
values in each time-domain HRV measure and larger low-
frequency (LF):high-frequency (HF) ratio to be significantly
associated with higher odds of being prehypertensive/hyper-
tensive (11-47% higher odds) independent of total body fat
(P < 0.05). In linear regression analysis, lower time-domain,
but not frequency-domain, HRV measures were significantly
associated with higher SBP independent of total body fat
(P <0.05).

CONCLUSION: These data suggest that impaired cardiac
autonomic nervous system function, at rest, is associated
with higher odds of being prehypertensive/hypertensive and
higher SBP which may be independent of adiposity in youth.

n adults, prehypertension and hypertension are associated

with increased risk of cardiovascular disease (CVD) mortal-
ity (1). In childhood, prehypertension and hypertension track
into adulthood (2), potentially compounding the lifetime CVD
burden (3). Many of the pathophysiological processes contrib-
uting to essential hypertension in adults have become clear
over the past few decades (4). However, due to the relatively
low proportion of children with hypertension (5), much work

still remains to elucidate whether the same contributors are
operational in childhood.

Cardiac autonomic nervous system (cANS) function and
sympathetic tone have been shown to have a strong influence
on the regulation of arterial blood pressure (BP) (6). The activ-
ity of the cANS can be measured noninvasively using heart
rate variability (HRV), which measures beat-to-beat varia-
tions in the cardiac cycle (7). HRV can be subdivided into
time- and frequency-domains with multiple measures within
each domain. Each time- and frequency-domain may have a
different physiological meaning and therefore may represent
unique variables of interest (8). Under resting conditions,
time-domain measures of HRV represent differences in beat-
to-beat control mechanisms largely regulated by sympathetic
and vagal efferent activity as well as central oscillators (i.e.,
respiratory movements) (9). Frequency-domains can be split
into high-frequency (HF) and low-frequency (LF) partitions.
HF is likely indicative of parasympathetic nervous system
modulation of cardiac function, while LF is indicative of pri-
marily sympathetic nervous system modulation with some
influence from the parasympathetic nervous system (8,10).
Together, time- and frequency-domain measures provide a
complete picture of cANS fluctuations and control. In adults,
time- and frequency-domain measures of HRV are predictive
of CVD and future CVD events (i.e., myocardial infarction and
stroke) (11,12).

In youth, impaired HRV is associated with physical inac-
tivity (13), low cardiovascular fitness (14), and endothelial
dysfunction (15). Recently, Farah et al. (16) provided evi-
dence that both time- and frequency-domain measures of
HRV were related to multiple CVD risk factors in youth,
including systolic blood pressure (SBP). However, the role
of adiposity in mediating these relationships was not investi-
gated despite its potential physiological relevance. Although
obesity has increased over the past 30 years, secular trends in
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SBP among children remained stable (5), suggesting obesity
may not be directly related to higher SBP in youth. While
several cross-sectional studies have shown obesity and excess
adiposity to be associated with higher SBP, prehypertension,
and hypertension in children and adolescents (17-19), these
studies did not account for the association between adipos-
ity and HRV, which has been previously described in youth
(15,20-22). Since adiposity likely influences both HRV and
SBP regulation, characterizing the relationships among these
variables has important physiological relevance.

Therefore, the purpose of this study was to examine the rela-
tionship of cANS function (as measured by HRV time- and
frequency-domains) with hypertension status and level of
SBP independent of adiposity in youth ranging from normal-
weight to severe obesity.

RESULTS

A higher proportion of females were prehypertensive and
hypertensive (Table 1). Hypertensive participants were all
overweight/obese or severely obese. Caucasian race was pre-
dominant across all groups with a trend toward the hyperten-
sive group having a higher minority presence. The groups had
similar distributions of pubertal maturation levels as deter-
mined by Tanner stage.

Lower values of every time-domain HRV measure except
NN50 were associated with significantly higher odds of
being prehypertensive/hypertensive adjusted for Tanner
stage, race, and total body fat (P < 0.05 all; Table 2). Lower
levels of mean R-R interval length for each 50 ms increment
were associated with a 33% higher odds of being prehyper-
tensive/hypertensive; 10 ms lower SD between R-R intervals
(SDRR) was associated with a 11% higher odds of being pre-
hypertensive/hypertensive; 10 ms lower corrected SDRR was
associated with a 41% higher odds of being prehypertensive/
hypertensive; 10 ms lower root mean square of the square
difference between adjacent normal R-R intervals (RMSSD)
was associated with a 11% higher odds of being prehyper-
tensive/hypertensive; and each 10 unit difference in pNN50
was associated with a 21% higher odds of being prehyperten-
sive/hypertensive. Higher LF:HF ratio during rest resulted
in a 47% higher odds of being prehypertensive/hypertensive
(P =0.011). Consistent with the LF:HF ratio were the trends
in associations of LF and HF normalized units (P = 0.07 for
both).

Table 3 shows linear regression analyses examining the
association between each time- and frequency-domain HRV
measure with SBP adjusting for Tanner stage, race, age, sex,
height, and total body fat. Lower values for each HRV time-
domain variable (mean, SDRR, corrected SDRR, RMSSD,
NN50, pNN50) were significantly associated with higher SBP
independent of adiposity (P < 0.05 all). None of the frequency-
domain HRYV variables (LF normalized, HF normalized, or
LF:HF ratio) were significantly associated with higher SBP.
When smokers, current or past (n = 5), were removed from all
analysis, the results did not differ.
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DISCUSSION

These findings demonstrate a consistent association between
impaired autonomic nervous system control, at rest, with
higher odds of prehypertension/hypertension and higher SBP
among youth. Importantly, these associations were found to
be independent of total body fat. Overall, these data suggest
an adverse shift in sympathovagal balance in youth with pre-
hypertension/hypertension. Furthermore, while hypertensive
youth were more likely to be obese, the impairment in auto-
nomic nervous system function was independent of adiposity.

Our results shed light on the relationship of cANS function,
as measured by HRV, with hypertension status in youth. We
observed smaller time-domain measures of HRV (Mean R-R,
SDRR, RMSSD, corrected SDRR, and pNN50) and elevated
frequency-domain measures of HRV (LF:HF) to be associated
with higher odds of prehypertension/hypertension. The higher
levels of LE:HF ratio and lower time-domain HRV measures,
specifically RMSSD, corrected SDRR and mean R-R, are indic-
ative of increased sympathetic modulation or decreased para-
sympathetic activity leading to impairment of cardiac function.
Additionally, we observed lower levels of all time-domain mea-
sures of HRV (Mean R-R, SDRR, RMSSD, Corrected SDRR,
NN50 and pNN50) but no frequency-domain measures of
HRYV to be associated with higher SBP. The lack of association
between SBP and frequency-domain variables may be due to
the fact that the latter were measured under resting conditions,
which likely limit the variability and range of values making it
difficult to detect associations with SBP.

Recent data from Farah et al. (16), show similar associations
between time-domain HRV measures and SBP. However, they
observed a significant association between several frequency-
domain HRV measures and higher SBP, which are at odds with
our data. A potential explanation may be the differences in
methods used, as our study utilized SphygmoCor MM3 sys-
tem while the Farah et al., used a heart rate monitor (POLAR,
RS 800CX), which may have differences in sensitivity. Another
potential explanation for this discrepancy is our adjustment for
pubertal maturation and adiposity, both of which have been
shown to affect these relationships (23,24). Additionally, our
sample had a larger proportion of youth classified as prehyper-
tensive/hypertensive (25 vs. 9.7%), which could help explain
these differences.

Importantly, our data demonstrate a strong association
between measures of HRV with odds of being prehyperten-
sive/hypertensive and with higher SBP, even after accounting
for adiposity. In adults, there is a clear association between
body fat, regardless of type or region, and higher SBP. Data
from the Framingham Heart Study demonstrated significant
associations of higher amounts of VAT and subcutaneous adi-
pose tissue (SAT) with higher SBP in both men and women
(25). Moreover, data from Framingham suggest that approxi-
mately 65-75% of the risk for hypertension in adults can be
attributed to excess adiposity (26). However, in children, sec-
ular trends show no increase in SBP among children despite
higher obesity prevalence rates over the same period of time

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Table 1. Participant demographic and clinical characteristics split by hypertension status

Normotensive

Prehypertensive

Hypertensive

Covariates N=141 N=16 N=31 Pvalue
Female 73(51.8%) 11 (68.8%) 19 (61.3%) 0.038
Age (years) 12.9(2.6) 12.8(2.9) 12.5(2.6) 0.473
Height (cm) 157(13.2) 157(12.8) 158(12.7) 0.119
Weight (kg) 66.9 (25.1) 76.3(28.5) 87.7(25.4) <0.001
BMI (kg/m?) 26.3(7.5) 30.4(8.5) 34.4(6.2) <0.001
BMI percentile (%) 81.0(25.1) 89.0(24.2) 98.7(0.75) <0.001
Race 0.499

Asian 2(1.4%) 1(6.2%) 3(9.7%)

African American 14 (9.9%) 1(6.2%) 5(16.1%)

White 111 (78.7%) 13(81.2%) 18(58.1%)

Mixed 14 (9.9%) 1(6.2%) 5(16.1%)
Tanner stage 0.206

| 32(22.7%) 3(18.8%) 7 (22.6%)

I 31(22.0%) 4(25.0%) 7 (22.6%)

1 28(19.9%) 4(25.0%) 5(16.1%)

v 33(23.4%) 3(18.8%) 7 (22.6%)

Vv 17 (12.1%) 2(12.5%) 5(16.1%)
Heart rate (bpm) 735(11.4) 75.4(7.3) 80.7(10.1) 0.082
SBP (mmHg) 111(9.15) 123(5.75) 135(8.35) <0.001
DBP (mmHg) 57.5(7.51) 62.9(5.83) 65.7 (9.54) 0.003
SBP percentile (%) 55.3(23.4) 92.2(1.47) 98.5(1.67) <0.001
DBP percentile (%) 32.3(19.6) 50.7 (20.8) 56.3(23.3) 0.033
Total fat (kg) 25.0(15.4) 31.6(16.1) 40.1(13.0) <0.001
Total body fat (%) 36.5(11.4) 42.1(8.24) 46.8 (5.45) <0.001
Visceral fat mass (kg) 0.43(0.47) 0.62(0.47) 1.0 (0.55) <0.001
Subcutaneous fat (kg) 1.47(1.21) 1.86(1.16) 2.45(1.01) <0.001
Mean R-R (ms) 893(141.5) 846(99.3) 783(96.8) 0.031
SDRR (ms) 83.2(41.0) 74.3(23.0) 63.7 (29.1) 0.313
Corrected SDRR (ms) 27.6(17.5) 22.6(8.53) 17.7 (9.78) 0.127
RMSSD (ms) 90.7 (58.4) 76.5(39.3) 57.6(35.1) 0.482
NN50 138(67.0) 144(77.1) 105 (65.5) 0.820
pNN50 43.2(23.1) 41.7 (24.7) 28.2(18.9) 0.712
LF normalized 41.4(17.7) 43.2(18.2) 48.5(18.5) 0.839
HF normalized 58.6(17.7) 56.8(18.2) 51.5(18.5) 0.839
LF:HF ratio 0.93(0.85) 1.06(1.1) 1.3(1.11) 0.820

Pvalues were determined using one-way ANOVA and chi-squared. Prehypertension defined as SBP percentile >90th and <95th. Hypertension defined as SBP percentile >95™. Values

presented are mean (SD) or N (%) where indicated.

DBP, diastolic blood pressure; SBP, systolic blood pressure; SDRR, SD between R-R intervals; RMSSD, root mean square of the square difference between adjacent normal R-R intervals.

(5). Despite this observation, data from cross sectional stud-
ies have shown associations of BMI (27), waist circumference
(28), skin-fold measured body fat (29), and intra-abdominal
fat with higher SBP (30). Data from the current study suggest
that, while adiposity may play a role in blood pressure regula-
tion, other physiological factors, such as cANS function, may
have a more prominent influence.

Copyright © 2016 International Pediatric Research Foundation, Inc.

At this time it is unclear which physiological mechanisms
are responsible for the differential relationships between time-
domain and frequency-domain HRV measures and higher
SBP in youth. It is possible the difference could be explained
by body position, as our measurement under were taken under
supine conditions, as frequency-domain perturbations are
often elicited under conditions which modulate baroreflexes
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Table 2. Odds ratios for prehypertensive/hypertensive vs. normotensive per unit difference in each HRV measure adjusted for Tanner stage, race,

and total body fat

QOdds ratio (95% Cl) Standardized coefficient (log odds scale) Pvalue
Lower mean R-R (per 50 ms) 1.33(1.13,1.57) 343 <0.001
Lower SDRR (per 10ms) 1.11(1.00,1.22) 2.00 0.045
Lower corrected SDRR (per 10 ms) 1.46(1.11,1.92) 2.68 0.007
Lower RMSSD (per 10 ms) 1.11(1.02,1.20) 2.56 0.011
Lower NN50 (per 10 units) 1.04(0.98,1.10) 1.39 0.164
Lower pNN50 (per 10 units) 1.21(1.02,1.44) 2.23 0.026
Higher LF normalized (per 10 units) 1.20(0.99, 1.47) 1.82 0.069
Higher HF normalized (per 10 units) 0.83(0.68,1.01) -1.82 0.069
Higher LF:HF ratio 1.47(1.09, 1.98) 2.53 0.011

Data were analyzed using logistic regression models with prehypertension/hypertension as the outcome, with adjustment made for Tanner stage, race, and total body fat. These
models were not adjusted for age, sex, or height since systolic blood pressure percentiles are already adjusted for these variables.
HF, high frequency; HRV, heart rate variability; LF, low frequency; SDRR, SD between R-R intervals; RMSSD, root mean square of the square difference between adjacent normal R-R

intervals.

Table 3. Mean differences in systolic blood pressure per unit
difference in HRV measures adjusted for Tanner stage, race age, sex,
height, and total body fat

Mean difference Standardized

(95% Cl) coefficient Pvalue
Lower mean R-R 0.86(0.25, 1.48) 2.76 0.006
(per 50ms)
Lower SDRR (per 10ms) ~ 0.50(0.14,0.87) 2.72 0.007
Lower corrected SDRR 1.25(0.35,2.15) 2.72 0.007
(per 10ms)
Lower RMSSD 0.40(0.14, 0.65) 3.07 0.002
(per 10ms)
Lower NN50 0.27 (0.05,0.49) 2.39 0.017
(per 10 units)
Lower pNN50 0.96 (0.28, 1.64) 2.78 0.005
(per 10 units)
Higher LF normalized 0.48 (—0.44, 1.40) 1.02 0.309
(per 10 units)
Higher HF normalized  —0.48 (—1.40, 0.44) -1.02 0.309
(per 10 units)
Higher LF:HF ratio 0.80(—1.48,3.09) 0.69 0.491

Data were analyzed using linear regression with adjustments made for Tanner stage,
race, age, sex, height, and total body fat.

HF, high frequency; HRV, heart rate variability; LF, low frequency; SDRR, SD between R-R
intervals; RMSSD, root mean square of the square difference between adjacent normal
R-Rintervals.

(i.e., standing, head-up or head-down tilt) (31-33). Another
potential explanation is that our analysis utilized both con-
tinuous and dichotomous classifications of blood pressure,
and while some dichotomous associations (LF:HF) were found
between frequency-domain HRV measures and classifica-
tion of hypertension phenotypes, these associations were not
robust in continuous models. Perhaps the relatively low sen-
sitivity often observed within some HRV measures (34) might
be attributed to the lack of association between higher SBP
with frequency-domain HRV measures.

Our study has many strengths including a cohort with a
wide range in age, adiposity, pubertal status, and prehyper-
tension/hypertension status (25% meeting this threshold).
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However, it should be noted that our study was cross-sec-
tional in nature, which precludes us from addressing causal-
ity. Also, the corrected SDRR used in some of our analyses,
has yet to be formally evaluated in pediatrics for validity.
Furthermore, blood pressure was measured at a single time-
point (24-h ambulatory blood pressure monitoring was not
performed), we were unable to account for the effect of phys-
ical activity or fitness, and measures of history of abuse or
adverse childhood events were not taken in the present study.

Conclusion

In conclusion, we have shown for the first time that cANS
function (using multiple measures of HRV), independent of
adiposity, is significantly associated with prehypertension/
hypertension, and higher levels of SBP among youth. These
findings are consistent with the hypothesis that increased sym-
pathetic tone or decreased parasympathetic activity at rest cre-
ates a deleterious scenario leading to hypertension in youth
which is not necessarily mediated by adiposity. Whether inter-
ventions or treatments leading to improvements in sympathetic
nervous system activation reduce blood pressure in obese youth
independent of weight loss requires further investigation.

METHODS

Study Design and Participants

Children and adolescents (n = 188), aged 6-18 y old (103 females/85
males), were included in this study. These children and adolescents
were participants in a cross-sectional study examining cardiovascu-
lar risk factors in youth ranging from normal-weight to severe obe-
sity. Youth with severe obesity were recruited from the University
of Minnesota Masonic Children’s Hospital Pediatric Weight
Management Clinic and other participants were recruited from the
community. Participants were excluded if they were taking medica-
tions known to influence cardiovascular function or had known/
diagnosed CVD. The study protocol was approved by the University
of Minnesota Institutional Review Board, and consent/ assent was
obtained from parents/participants.

Anthropometrics, Body Composition Assessment, and Pubertal
Maturation

All testing was performed in the morning after the participants had
been fasting (including no caffeine consumption) for a minimum of

Copyright © 2016 International Pediatric Research Foundation, Inc.
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12h. Height and weight were determined using a wall-mounted sta-
diometer and an electronic scale, respectively. BMI was calculated as
the body weight in kilograms divided by the height in meters squared.
BMI percentiles were determined using age- and gender-based defini-
tions from the Centers for Disease Control and Prevention. Normal-
weight was defined as >5th to <85th percentile, overweight/obesity
was defined as >85th to <120% of the 95th percentile, and severe obe-
sity was defined as 2120% of the 95th percentile or an absolute BMI
> 35kg/m? (35). Total and regional body composition was measured
using DXA (Lunar iDXA, GE Healthcare, Madison, WI) and ana-
lyzed using enCore software (platform version 13.6, GE Healthcare).
Participants were scanned using standard imaging and positioning
protocols while in the fasted state. Tanner stage was determined by a
trained pediatrician or nurse (36,37).

Blood Pressure

Seated BP and HR were measured after the participant had been rest-
ing quietly without legs crossed for 10 min. BP and HR were mea-
sured three consecutive times with an automated BP cuff at ~3-min
intervals. The average of the three respective BP and HR measure-
ments was used. SBP percentile was determined from age, sex, and
height derived from the Fourth Report on the Diagnosis, Evaluation,
and Treatment of High Blood Pressure in Children and Adolescents
(38). Prehypertension was defined as SBP percentile >90th and <95th
and hypertension was defined as SBP percentile 295th.

HRV

HRV was measured as previously described (15,39), using the
SphygmoCor MM3 system (AtCor Medical, Sydney, Australia) after
participants had been at rest in a supine position for approximately
15 min. The electrocardiogram signal was then continuously recorded
for 5min; the segment was then reviewed for ectopic heart beats or
arrhythmias with any portions of the 5-min segment with abnormal
electrocardiogram signals being excluded from analysis.

Automated algorithms were used to calculate time-domains of
mean R-R interval length (mean R-R), the SDRR, RMSSD, the num-
ber of adjacent N-N intervals over 50ms (NN50), and the percent-
age of adjacent N-N intervals over 50ms (pNN50). SDRR was also
corrected for resting HR due to its confounding influence on SDRR,
using an equation developed by Monfredit et al. (40), where cor-
rected SDRR = SDRR/e"™*#8, Spectral analysis was used to calculate
frequency-domains of LE, HE the LF to HF (LF:HF) ratio, and total
power. LF was defined as frequencies between 0.04-0.15 Hz and HF
was defined as frequencies between 0.15-0.40 Hz. LF was normalized
using the following equation: LF/(total power-very low frequency)
x 100. HF was normalized using the following equation: HF/(total
power-very low frequency) x 100.

Statistical Analysis

Descriptive statistics were calculated by hypertension group and
included means with standard deviations for continuous variables
and frequencies with percentages for categorical variables. P values
included in Table 1 were based on ANOVA or chi-squared tests for
continuous and categorical variables, respectively. All of the regres-
sion models used generalized estimating equations with an exchange-
able working correlation structure to account for potential correlation
between siblings within a family (28 families with 2 siblings, 6 with 3
siblings, and 1 with 4 siblings). Robust variance estimation was used
for all confidence intervals and P values. For categorical analysis,
prehypertension and hypertension were defined as SBP at or above
the age, gender, and height specific 90th and 95th percentiles, respec-
tively (38). For regression models with prehypertension/hypertension
as the outcome, logistic regression was used and adjusted for Tanner
stage, race, and total body fat. These models were not adjusted for
age, sex, or height since SBP percentiles are already adjusted for these
variables. For continuous analysis, using SBP as the outcome, linear
regression was used and adjusted for Tanner stage, race, age, sex,
height, and total body fat. All analyses were conducted using R v3.1.1
and the “gee” library v4.13-18.

Copyright © 2016 International Pediatric Research Foundation, Inc.
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