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Abstract Altered circadian and ultradian blood pressure
(BP) and heart rate (HR) rhythmicity have been de-
scribed in diseases with increased cardiovascular risk.
We analyzed cardiovascular rhythmicity in obese chil-
dren. BP and HR rhythmicity was assessed with
Fourier analysis from 24-h ambulatory BP measure-
ments in 75 obese children and compared with an
age- and gender-matched, lean healthy reference group
of 150 subjects. Multivariate regression analysis was
applied to identify significant independent factors
explaining variability of rhythmicity. Prevalence of
24- and 6-h BP rhythmicity in the obese group was
lower (p=0.03 and p=0.02), whereas the prevalence

Communicated by Mario Bianchetti

of HR rhythmicity was comparable in both groups.
Excluding hypertensive participants, the results remained
similar. Twenty-four-hour BP and HR acrophase were
delayed in obese children (p=0.004, p<0.0001), 24-h
BP amplitude did not differ (p=0.07), and 24-h HR
amplitude was blunted (p=< 0.0001). BP Mesor in the
obese group was higher (p=0.02); HR Mesor did not
differ (p=0.1). Multivariate regression analysis failed to
identify a single anthropometric or blood pressure pa-
rameter explaining the variability of BP and HR
rhythmicity.

Conclusion: Prevalence and parameters of circadian and
ultradian BP and HR rhythmicity in obese children are
altered compared to a healthy reference group, indepen-
dent of preexisting hypertension.
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What is Known:

* Altered cardiovascular rhythmicity has been described in children with
different diseases such as primary hypertension or chronic renal
failure.

What is New:

« This study reveals altered cardiovascular rhythmicity in obese children
compared to an age and gender-matched healthy reference group
independent from preexisting hypertension.

Keywords Obesity - Rhythmicity - Heart rate - Blood
pressure - Hypertension

Abbreviations
ABPM Ambulatory blood pressure measurement
BMI Body mass index

BP Blood pressure
BPM Beats per minute
CRF Chronic renal failure
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DBP Diastolic blood pressure
GLM  Generalized linear model
HR Heart rate

IQR Interquartile range

MAP  Mean arterial blood pressure
OR Odds ratio

PH Primary hypertension

SBP Systolic blood pressure
SGA Small for gestational age
SDS Standard deviation score
WCH  White coat hypertension
Introduction

Childhood obesity has reached an epidemic plateau in most
industrialized countries [13, 18, 39]. Pathophysiological con-
sequences of obesity on the cardiovascular system regarding
structure and function of the vascular system as well as target
organ damage are well known [1, 5, 20].

The impact of childhood obesity on individual health is
further aggravated with increasing body mass index (BMI)
due to associated hypertension [11, 36, 37], diabetes, dyslip-
idemia, and metabolic syndrome [10, 35]. Since obesity as
well as hypertension has been shown to track into adulthood,
we are just about to become acquainted with the scale of its
sequelae [12, 28].

With the implementation of 24-h ambulatory blood pres-
sure measurements (ABPM) for patients at risk, the recorded
data lead to a much more precise description of blood pressure
and its derived variables. ABPM compared to random blood
pressure (BP) measurements or home BP measurements are
more closely correlated with risk factors for future cardiovas-
cular disease [16, 25, 33, 34, 38]. In addition to common
parameters, circadian (24 h) and ultradian rhythm patterns
can be assessed, for instance, using Fourier analysis [43].

Circadian rhythms are a cornerstone of physiology and are
already present in invertebrates. The central “zeitgeber” of
this system in humans is a master clock located in the supra-
chiasmatic nucleus of the anterior hypothalamus. This master
clock coordinates timing of clocks in peripheral organs like
the liver, kidneys, or the heart. External signals such as light
and feeding fine-tune the master clock to the 24 h period [29].

Children with chronic renal failure [41], primary hyperten-
sion, and white coat hypertension [17] as well as children born
small for gestational age [40] have been reported to have dif-
ferent degrees of disruption of cardiovascular rhythmicity. We
hypothesized that obese children also could have disturbed
cardiovascular rhythmicity and tested for the dependency of
BP values. To test this hypothesis, we compared circadian and
ultradian cardiovascular rhythms of a group of obese children
to an age and gender-matched lean reference group.
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Materials and methods
Overview

Obese children aged 4 to 16 years investigated at the
University Children’s Hospital, Inselspital and University of
Bern, Switzerland who had ABPM measurement between
January 2011 and December 2013 were analyzed retrospec-
tively. Obesity was defined as BMI> 1.88 standard deviation
according to age- and sex-specific BMI charts using the
growth charts of the Swiss Society of Paediatrics [2].

Every single obese subject was compared with two age-
and gender-matched lean healthy children, chosen among sub-
jects from a lean reference group described elsewhere [8].
None of the participants was under medical treatment
influencing weight, blood pressure, or heart rate.

24-h ambulatory blood pressure measurements

ABPM was recorded in all individuals on an outpatient basis
using an oscillometric device (model 90207 Spacelabs
Medical, Issaquah, WA). Diurnal readings were taken every
15-20 min and nocturnal every 30—45 min. The night period
was defined from 11:00 PM until 07:00 AM; daytime was set
between 07:00 AM until 11:00 PM. ABPM recordings were
considered sufficient if >20 readings per sampling period and
more than 20 continuous hours with valid readings were pres-
ent as well as sampling gaps were less than 3 h. Hypertension
was defined as systolic or diastolic BP >95th percentile for
gender and height during 24 h, daytime, or nighttime as de-
fined in the fourth report on diagnosis, evaluation, and treat-
ment of high BP in children and adolescents [22]. We used
German reference values provided by the German Working
Group on Pediatric Hypertension to classify BP measurements
in both cohorts as they are currently considered the best avail-
able data set for pediatric ABPM [7, 42].

Further analysis of rhythmicity was restricted to heart rate
(HR) and mean arterial BP (MAP) values, as during
oscillometric measurements only MAP is measured, whereas
systolic and diastolic values are mathematically derived from
device-specific algorithms.

Nighttime dipping was analyzed in all subjects calculating
the ratio of daytime MAP in relation to nighttime MAP. A
lowering of >10 % MAP was considered as dipping, <10 %
was considered as non-dipping.

Rhythmicity analysis

ABPM profiles were examined for the prevalence of circadian
(24 h) and ultradian (12, 8, 6, 4.8, and 4 h) MAP and HR
rhythms using Chronos-Fit Software 1.06 [43].

This software combines a partial Fourier analysis with a
stepwise regression technique. To simplify, the course of a
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Fig. 1 Terminology of rhythmicity parameters. Cosine wave with any
period length and illustration of its derived parameters

24-h MAP or HR profile is described by a wave like function,
which results as a summation of simple cosine waves with
circadian and ultradian period lengths. For this, circadian
and ultradian cosine waves are checked by F-test for its sig-
nificance to improve the existing model e.g., if the addition of
a cosine wave with period length of 6 h improves the existing
model at a level of significance of p<0.05, this ultradian
rhythm is included into the model. The period length is set
for a circadian rhythm at 24 h, for ultradian at 12, 8, 6, 4.8, and

4 h. For circadian and ultradian rhythms, the following param-
eters were calculated (1) the median value midway between
the lowest and highest value of the fitted curve (Mesor); (2)
the amplitude, which is the difference between Mesor and the
highest value; and (3) the acrophase, which is the time from
midnight to the zenith of the curve during the rhythm (Fig. 1).

Statistical analysis

Correlation analyses were performed with the Pearson test for
variables with parametric distribution and the Spearman test
for variables with non-parametric distribution. The Mann—
Whitney U test was used to compare medians between two
groups. Assessment of prevalence for circadian and ultradian
MAP and HR rhythms was done using the Chi-square test.

A generalized linear model (GLM) with binomial error
distribution and a logit link were used to estimate the contri-
bution of a set of selected variables.

Forward stepwise multivariate linear regression analysis
was performed to identify the significant independent factors
influencing amplitudes and acrophases of the MAP and HR
rhythms.

All statistical analyses were performed using RStudio soft-
ware, version 0.98.1102 or GraphPad Prism software, version

Table 1 Anthropometric and

clinical characteristics of obese Healthy, =150 Obese, n=75 p value

and healthy participants
Female (%) 68 (45.3) 34 (45.3) 1
Age (years) 11.0 (8.0-13.0) 11.6 (9.0-13.6) 0.22
Weight (kg) 40.8 (29.0-51.3) 71.0 (52.3-85.0) <0.001*
Height (cm) 149.0 (133.8-162.0) 156.3 (140.1-166.7) <0.05*
Height (SDS) 0.8 (-0.2to 1.5) 1.3 (0.7-1.9) <0.01*
BMI (kg/m2) 17.8 (16.2-20.1) 28.1(25.4-31.5) <0.001*
BMI (SDS) 03 (-04to1.1) 2.8(2.5-34) <0.001*
SBP 24 h SDS —0.2 (0.8 t0 0.4) —0.2 (-1.1to 1.0) 0.57
SBP Day SDS —0.2 (0.7 t0 0.3) —0.3 (-1.1t00.9) 0.90
SBP Night SDS —0.1 (0.8 t0 0.4) 0.3 (0.3 to 1.6) <0.001
DBP 24 h SDS 0.0 (0.8 t0 0.5) —0.3 (-1.0t0 0.6) 0.33
DBP Day SDS 24 h —0.1 (-0.8 to 0.6) —0.4 (-1.0t0 0.4) 0.13
DBP Night SDS 24 h 0.1 (-0.7t00.7) 0.4 (0-1.4) <0.01
MAP SDS 24 h —0.1 (0.7 to 0.5) —0.1 (0.7 t0 0.9) 0.22
Heart rate 24 h (bpm) 84 (78-90) 86 (80-91) 0.20
Heart rate day (bpm) 90 (83-97) 90 (83-96) 0.77
Heart rate night (bpm) 70 (65-78) 79 (72-84) <0.001
Pulse pressure (mmHg) 42 (39-47) 46 (41-51) <0.01
Dipping <10 % (n) 23 (15.3 %) 30 (40 %) <0.001°
Hypertension () 17 (11.3 %) 23 (30.6 %) <0.001°

Values are given either as median and interquartile range or as relative frequency

#Relevant parameters for group allocation

°The p values for the prevalence of dipping and hypertension was calculated using Chi-square test; all other p

values are given after performing Mann—Whitney U test
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6.0 (GraphPad Software, San Diego, California, USA).
Significance was determined at p <0.05.

Patient’s medical reports
Characteristics of the study population

Seventy-five obese children, 45.3 % girls, with a median age
of 11.6 years (interquartile range (IQR) 9.0-13.6) were com-
pared to an age- and gender-matched healthy lean reference
group of 150 participants, 45.3 % girls, with a median age of
11.0 years (IQR 8.0-13.0). The anthropometric and blood
pressure characteristics of the two groups are shown in Table
1. 23 (30.6 %) obese participants and 17 (11.3 %) participants
of the lean reference group showed hypertensive blood pres-
sure values (»p=0.0003). Nighttime diastolic and systolic
blood pressures (DBP, SBP) were significantly higher in obese
children. Furthermore, obese children showed a higher heart
rate during the night and had higher 24-h pulse pressure (Table
1). Finally, the prevalence of nighttime non-dipping in obese
children was higher compared to healthy children (30 (40 %)
obese children vs. 23 (15.3 %) healthy children, p<0.0001
(Table 1)).

Results
Circadian and ultradian cardiovascular rhythms

The prevalence of the 24-h mean arterial BP (MAP) rhythm
and of the 6-h MAP rhythm was significantly lower in obese
children (p=0.03 and p =0.02), whereas the prevalence of the
12-, 8-, 4.8- and 4-h MAP rhythms were similar between both
groups (Fig. 2a).

The prevalence of all ultradian and circadian heart rate
(HR) rhythms was comparable between both groups (Fig. 2b).

Excluding hypertensive participants according to the
above mentioned definition, the prevalence for the 24- and
6-h MAP rhythms remained significantly lower in obese chil-
dren (p=0.02 and p=0.03), whereas the prevalence for the
remaining ultradian rhythms was similar. In addition, the prev-
alence for the ultradian and circadian HR rhythms between
healthy and obese subjects was conserved after exclusion of
hypertensive participants.

The MAP Mesor was significantly higher in obese children
(p=0.02), but the HR Mesor did not differ significantly be-
tween both groups (p=0.1).

Only the 4.8-h MAP amplitude of the obese children
was significantly higher compared to the reference group
(p=0.04), whereas the MAP amplitudes of 24, 12, &, 6,
and 4 h rhythms were similar between obese and healthy
participants (Fig. 3a). The 24-h HR amplitude of the
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Fig. 2 a Prevalence of MAP rhythms, obese n="75, healthy »=150,
*p<0.05 using Chi-square test. b Prevalence of HR rhythms, obese
n=175, healthy n=150

obese cohort was blunted (p<0.0001, Fig. 3b). Both the
acrophases of the 24-h MAP rhythm and of the 24-h HR
rhythm were delayed in obese children (»p=0.004 and
»<0.0001), but we observed no difference for the
acrophases of the shorter MAP or HR rhythms (Fig. 3c,
d).

Associations between cardiovascular rhythmicity
and subjects characteristics

Multivariate analysis included age (years), sex, height standard
deviation score (SDS), BMI-SDS, 24-hour MAP SDS, and 24-h
HR in beats per minute (bpm) as independent variables and the
prevalence of circadian and ultradian thythms as dependent var-
iables (Table 2). Each increase of age by 1 year, matched for the
other included variables, significantly increased the prevalence of
the 12-h MAP, 12-h HR, and 6-h HR rhythm (odds ratio (OR)
1.15, 1.16, and 1.22). The prevalence of the 24-h HR rhythm
though was decreased (OR 0.86). Increasing 24-h MAP by one
SDS significantly increased the prevalence of 4-h MAP rhythm
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(OR 1.52) in boys and girls, whereas among females, the prev-
alence of the 4-h MAP rhythm (OR 0.35) was decreased. The
prevalence of all other circadian and ultradian MAP and HR
rhythms could not be significantly explained by any of the in-
cluded variables.

Multivariate regression analysis failed to identify a
single anthropometric or blood pressure parameter
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Fig. 3 Notched box plots of MAP and HR amplitudes and acrophases.
Notched box plot. The box shows the interquartile range (IQR =25th—
75th percentile). The bold crossline indicates the median of the data. The
notch indicates the 95 % confidence interval around the median. The
whiskers add 1.5 times the IQR to the 75th percentile and subtracts 1.5
times the IQR from the 25th percentile. Outliers above and under the
whiskers are shown with small circles. a MAP amplitudes of circadian

explaining the variability of BP and HR amplitudes
and acrophases of all the circadian and ultradian
rhythms. The results of the multivariate stepwise regression
analysis including age, sex, height-SDS, BMI-SDS, 24-hour
MAP-SDS, and 24-h HR (bpm) of obese children only and of
obese and lean children together into the model, are shown in
the supplementary Tables 1 and 2.
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and ultradian rhythms. *p <0.05 using Mann—Whitney U Test. b HR
amplitudes of circadian and ultradian rhythms. ***p <0.001 using
Mann—-Whitney U Test. ¢ MAP acrophases* of circadian and ultradian
rhythms. ***p <0.001 using Mann—Whitney U Test. d HR acrophases of
circadian and ultradian rhythms. ***p <0.001 using Mann—Whitney U
Test
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Table 2 Multivariate analysis for

the prevalence of circadian and Period length Significant Odds ratio OR confidence interval P

ultradian BP and HR rhythms in independent (OR) (2.5-97.5 %)

obese children and healthy variable

children together
24-h MAP - - - ns.
12-h MAP Age 1.15 1.02-1.29 <0.01
8-h MAP - - - n.s.
6-h MAP - - - ns.
4.8-h MAP - - - ns.
4-h MAP Male sex 0.35 0.16-0.76 <0.01

MAP 24 h SDS 1.52 1.08-2.19 <0.05

24-h HR Age 0.86 0.74-0.99 <0.05
12-h HR Age 1.16 1.03-1.3 <0.05
8-h HR - - - ns.
6-h HR Age 1.22 1.06-1.42 <0.01
4.8-h HR - - - ns.
4-h HR - - - ns.

Included variables are age (years), sex, height-SDS, BMI-SDS, 24-h MAP SDS, and 24-h heart rate (bpm)

n.s. not significant

Discussion

The first finding of this study is that obese children show
significantly altered circadian and ultradian rhythmicity.
Thirty percent of the obese children were hypertensive.
Second, the disturbance in circadian and ultradian rhythmicity
for blood pressure and heart rate was independent of hyper-
tensive BP levels and was therefore already present before
hypertension became manifest.

Loss of nocturnal dipping, a recognized independent risk
factor for cardiovascular disease [24], has been used as the
only marker of circadian rhythmicity in the past. The present
data confirm previous reports on the frequent lack of nocturnal
dipping in obese children [21, 30].

Fourier analysis of 24-h blood pressure recordings allows a
more detailed evaluation of blood pressure and heart rate
rhythmicity. Normative values for children were already
established 10 years ago [8]. Circadian and ultradian cardio-
vascular rthythms have been investigated in children with
chronic renal failure (CRF) [41], in children with primary
hypertension (PH), and with white coat hypertension (WCH)
[17], as well as in children born small for gestational age
(SGA) [40]. These reports show that there is an increasing
perturbation of cardiovascular rhythms with increasing sever-
ity of the underlying disease. The obese participants showed
only slight alterations of circadian and ultradian rhythms (re-
duced 24 h, 6-h MAP prevalence, increased 4.8-h MAP am-
plitude, 24-h MAP acrophase, and 24-h HR acrophase and
reduced 24 h HR amplitude), whereas children with CRF
showed the highest number of alterations, followed by chil-
dren with PH, WCH, and SGA. Consistent findings, which
were also present in this study, were the loss of 24-h

@ Springer

rhythmicity, the blunting of HR amplitudes, and the delaying
of MAP and HR acrophases. In contrast, we found only a
slight increase of the 4.8-h MAP amplitude.

The influence of age according to the multivariate analysis
was comparable to the reference values of Hadtstein [8] with
an increase in the prevalence of the 12-h MAP, the 12- and 6-h
HR rhythms, and a decrease of the prevalence for the 24-h HR
rhythm. In contrast, we could not show any influence of age
on the 6-h MAP and 8-h MAP rhythm. In contrast to its po-
tential influence on cardiovascular risk factors in childhood
obesity [26], we only observed minor gender differences for
cardiovascular rhythmicity parameters. Multivariate analysis
for rhythm amplitudes and acrophases has demonstrated that
BMI-SDS, age, height-SDS, and MAP-SDS all have an effect
on amplitudes and acrophases. Disturbed cardiovascular
rhythms correlated with visceral fat mass and elevated HR
acrophases decreased after reduction of visceral fat [23].
Unfortunately, we are unable to assess the influence of viscer-
al fat on cardiovascular rhythms because of incomplete data
on waist circumference.

Taking into account that the perturbation of cardiovascular
rhythms in this study was independent of hypertension and
that previous studies [17, 40, 41] showed increasingly dis-
turbed cardiovascular rhythms with increasing severity of hy-
pertension and underlying disease, one could argue whether
disturbed cardiovascular rthythms could be the first sign of
altered sympathetic regulation eventually leading to overt ar-
terial hypertension [3].

Where circadian rhythms appear to be generated in the
hypothalamic central pacemaker [27], ultradian cardiovascu-
lar rthythms depend more on sympathetic activity [3, 32].
Furthermore, hypertensive children might have increased
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sympathetic activity or decreased nocturnal parasympathetic
activity [14, 31]. Consistent with the disturbances in sympa-
thetic regulation, the obese group in this study had a slightly,
not significantly elevated 24-h heart rate (83.5 vs. 86 bpm,
p=0.2) but a significant elevation of heart rate during the
nighttime (70.2 vs. 79 bpm, p<0.001).

The alterations of rhythmicity in this study might be con-
sidered as an early effect of altered sympathetic activity com-
parable to alterations in the resting heart rate. The latter has
been shown to be positively associated with blood pressure
values [4] and with a clustering of cardiovascular risk factors
in adolescents [6].

Other factors may also be responsible for disturbed
cardiovascular rhythms in obese children. There is evi-
dence that fragmented sleep, as seen with obstructive
sleep apneas, results in loss of nocturnal dipping [19].
Likewise, the influence of age on rhythmicity parameters
might be confounded by an altered sleep behavior of ad-
olescents compared to younger counterparts. Furthermore,
endocrine factors also seem to play a role. Lack of diurnal
cortisol variations, for instance, as found in patients with
central obesity, has been shown to be associated with loss
of blood pressure dipping [9, 15]. There is evidence that
insulin resistance too is related to higher nocturnal blood
pressure values in obese children [21]. Finally,
adiponectin has been shown to be inversely correlated
with ambulatory blood pressure parameters in obese ado-
lescents [30].

The limitations of this study result from its retrospec-
tive design. There was no systematic recording of sleep
behavior, particularly symptoms of obstructive sleep ap-
neas. There was a lack of data of physical activity and
missing data from the physical examination like incom-
plete collection of waist circumference and pubertal sta-
tus. The latter might be of importance since circadian
rhythms as well as ultradian rhythms have been shown
to change during puberty [8]. On the other hand, the
impact of this limitation might be reduced by having
used an age- and gender-matched reference group.
Furthermore, the influence of insulin resistance could
not be assessed and finally, possible early target organ
damage like an increase of intima-media thickness was
not investigated.

In conclusion, this study demonstrates disturbed cir-
cadian and ultradian cardiovascular rhythms in obese
children and adolescents, independently of hypertensive
blood pressure levels. Fourier analysis of cardiovascular
rhythms could be a valuable tool to detect early alter-
ations of cardiovascular function eventually leading to
hypertension. Thus, it would be of interest to prospec-
tively assess whether there is a correlation between dis-
turbed circadian and ultradian cardiovascular rhythms
and target organ damage. This evidence provided,

cardiovascular rhythmicity alterations assessed with 24-
h ABPM may become a reasonable, future diagnostic
tool for early detection of obese children and adoles-
cents at risk for hypertension.
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