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Abstract

Introduction

Hemodynamic parameters such as heart rate (HR), blood pressure (BP), and heart rate
variability (HRV) have shown potential as predictors of outcomes in severe acute brain
injury (ABI). However, their significance and management thresholds remain poorly
defined in the pediatric population. HRV represents the oscillations in the intervals
between consecutive heartbeats, which reflect the interplay between sympathetic and
parasympathetic impulses to the heart. This non-invasive indicator provides valuable
insights into autonomic nervous system (ANS) activity. Previous research has suggested
HRV as a predictor of mortality regardless of the underlying cause. However, the
relationship remains largely qualitative, with no universally accepted measure, limiting
its integration into clinical decision-making. Nonlinear HRV indices, although not
standardized, provide alternative approaches to traditional HRV measures addressing
challenges of data stationarity. Understanding how HRV, measured through both linear
and nonlinear methods, can be influenced by stress, pain, and medications, is crucial for
determining the role of HRV assessment, alongside with BP and HR, in predicting
mortality and medium- to long-term prognosis in children with acquired ABI. These
measures can serve as valuable tools, offering additional insights into the patient’s

condition and guiding appropriate interventions.

Aims

The primary objectives of this thesis was:
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1. To evaluate the current state of research on HRV as a prognostic tool in children with
ABI (Paper I);

2. To review the role of cardiovascular responses, beyond HRV, in predicting outcomes
in children with ABI (paper 11);

3. To investigate changes in HRV in healthy children undergoing minor surgery to assess
the effects of stress, pain and anesthetic drugs on the ANS (Paper III);

4. To explore the prognostic significance of cardiovascular responses, focusing on HR,
BP, and both linear and nonlinear HRV measures, in predicting mortality in children with
severe ABI (Paper [V);

5. To explore the prognostic significance of cardiovascular responses, focusing on HR,
BP, and both linear and nonlinear HRV measures, in predicting neurologic morbidity in

children with severe ABI that survived to PICU discharge (Paper V).

Methods

The objectives of this thesis were achieved through comprehensive literature review
and the analysis of data from healthy children submitted to minor surgery and children
with severe ABI admitted to the Intensive Care Unit of Centro Hospitalar Universitario

Sao Jodo.

To evaluate the hypothesis that altered ANS regulation could serve as a prognostic factor
in pediatric ABI, we performed a comprehensive literature review, synthesizing the
available evidence and highlighting the main findings and limitations. In Paper I we
identified relevant studies on HRV in children with ABI and for Paper II, we performed
a systematic review to investigate the hemodynamic responses of ABI besides HRV in

the pediatric population.
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For Paper III, we conducted an observational prospective cohort study including a
population of healthy children who were scheduled for elective minor surgery at the
Pediatric Surgery Department of a tertiary hospital and explored HRV measurements of
10 to 15 minutes periods obtained before and after surgery, using a Holter recorder and
the BioSigBrowser® software.

For paper IV we included children under 18 years with severe ABI who survived at least
12 h after PICU admission. In this prospective observational cohort in a tertiary academic
PICU we recorded physiological variables, neurological data, laboratory tests results, and
medications within 12 h of admission. ECG recordings were automatically annotated
using a previously developed and validated wavelet-based system. Linear time-domain
analysis included the NN interval mean, the standard deviation of the average NN interval
(SDNN) and the square root of the mean squared differences of successive NN intervals
(RMSSD). The frequency domain analysis was based on the nonparametric estimation of
the spectrum. The following frequency bands were considered: very low frequency
(VLF), low frequency (LF) and high frequency (HF). The LF/HF ratio, as well as total
power (TP, i.e., all the spectrum area), were also considered. For non-linear analysis,
sample entropy (SampEn) was calculated, and additionally, nonlinear indices computed
from the Poincaré plot, namely SD1 (short-term variability), SD2 (long-term variability)
and their ratio SD1/SD2. BP was measured and categorized into percentiles based on age
and sex. HR was evaluated and classified as tachycardia or bradycardia according to age-
specific criteria. We investigated the utility of cardiovascular responses, including HR,
BP, and HRYV, in predicting mortality.

For paper V we included children under 18 years with severe ABI who survived to PICU

admission and investigated the utility of cardiovascular responses, including HR, BP, and
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HRV, as prognostic indicators of neurological morbidity at 3 and 12 months after hospital
discharge.

Main findings:

Paper I

We analyzed seven studies on HRV in children with TBI, summarizing the main findings.
Patients progressing to brain death (BD) exhibited markedly lower LF/HF ratio, with
significant declines within the first few hours of hospitalization. Conversely, higher
LF/HF ratios were observed in patients with favorable prognoses.

Paper II

In this systematic review, that included 13 articles, we highlighted that both hypotension
and hypertension were associated with worse outcomes. ABI was linked to prolonged
QTec intervals and neurogenic stunned cardiomyopathy was frequently observed.

Paper 111

In a cohort of 47 healthy children undergoing minor surgery, HRV measurements before
and after surgery revealed significant differences in time-domain indices in younger
patients and frequency-domain indices in older ones. A decrease in HRV indices up to
one-hour post-surgery indicated parasympathetic withdrawal and sympathetic
predominance. Sixty minutes after surgery no difference in HRV measures was found
and autonomic homeostasis was re-established.

Paper 1V

We included 72 children with a median age of 10.7 years, admitted to the ICU with severe
ABI; 45 (62.5%) had traumatic brain injury (TBI) and 28 (38.9%) were diagnosed with
brain death (BD). The mortality was significantly associated with tachycardia, systolic
blood pressure (SBP) and median blood pressure (MBP) below the Sth percentiles, and

MBP and diastolic blood pressure (DBP) above the 99th percentiles.
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Poincaré SD1/SD2 was an independent predictor of mortality after adjusting for age, sex,
and ongoing medications. A Poincaré SD1/ SD2 > (0.27 added to PRISM III value > 12
significantly increased the ability to predict mortality, although further validation in
subsequent studies is necessary for using this cutoff value.

Paper V

Among 31 children with severe ABI that survived to PICU discharge (77.4% male,
median age: 11.3 years), favorable outcomes were observed in 51.6% at 3 months and
67.7% at 12 months. Patients with SBP above the 95th percentile in the first 12 hours
after admission had significantly better outcomes at both time points. This study suggests
that elevated early SBP and HRV indices—particularly LF power measured 12 hours
after PICU admission—may serve as independent, non-invasive predictors of long-term
neurological outcomes in children with severe ABI. These findings support the role of
early autonomic activation as a marker of favorable prognosis and underscore the
potential value of incorporating cardiovascular and autonomic monitoring into prognostic

models and individualized neuroprotective strategies in pediatric neurocritical care.

Conclusions

Our studies reinforce the relevance of hemodynamic parameters as predictors of
outcomes in children with severe ABI. Maintaining a controlled HR and BP within
appropriate percentile ranges during the first hours after admission to the PICU is
essential for better outcomes. HRV measures, such as the Poincaré SD1/SD2 ratio, are
robust predictors of mortality and can help identify patients with more favorable
prognoses. In addition, parameters like the LF component have shown potential in
predicting neurological outcomes among survivors, serving as markers of autonomic

integrity and functional recovery.
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Resumo

Introducao

Parametros hemodinamicos, como a frequéncia cardiaca (FC), a pressdo arterial (PA) e a
variabilidade da frequéncia cardiaca (VFC), tém demonstrado potencial no prognéstico
de doentes com lesdo cerebral aguda grave (LCA). No entanto, a sua relevancia e os
limiares de gestdo permanecem pouco definidos na populagdo pedidtrica. A VFC
representa as oscilagdes nos intervalos entre batimentos cardiacos consecutivos,
refletindo a interagd@o entre os impulsos simpaticos e parassimpaticos para o cora¢do. Este
indicador ndo invasivo oferece informacdes valiosas sobre a atividade do sistema nervoso
auténomo (SNA). Estudos anteriores sugeriram que a VFC pode ser um preditor de
mortalidade, independentemente da causa subjacente. Contudo, essa relagdo continua
maioritariamente qualitativa, sem medidas universalmente aceites, o que limita a sua
integragdio na pratica clinica. Indices ndo lineares de VFC, embora néo padronizados,
fornecem abordagens alternativas as medidas tradicionais de VFC, abordando os desafios
da estacionariedade dos dados. Compreender como a VFC, medida através de métodos
lineares e ndo lineares, pode ser influenciada por fatores como stress, dor e medicamentos
¢ crucial para determinar o papel da sua avaliagdo, juntamente com a PA e a FC, na
previsdo da mortalidade e do prognostico neuroldgico a médio e longo prazo em criangas
com LCA adquirida. Estas medidas podem servir como ferramentas valiosas, oferecendo
informagdes adicionais sobre o estado clinico do paciente e orientando intervengdes
adequadas.

Objetivos

Os principais objetivos desta tese foram:
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1. Avaliar o estado atual da investigacdo sobre a VFC como ferramenta prognostica
em criangas com LCA (Artigo I);

2. Rever o papel das respostas cardiovasculares, para além da VFC, na determinagdo
do prognostico em criancas com LCA (Artigo II);

Investigar alteragdes na VFC em criangas saudaveis submetidas a cirurgias

(%)

menores, para avaliar os efeitos do stress, da dor e de medicamentos anestésicos
no SNA (Artigo III);

4. Explorar a relevancia prognostica das respostas cardiovasculares, focando na FC,
PA e em medidas de VFC lineares e nfo lineares, na previsdo da mortalidade em
criangas com LCA grave (Artigo I'V);

5. Explorar a relevancia prognoéstica das respostas cardiovasculares, focando na FC,
PA e em medidas de VFC lineares e nio lineares, na previsdo de morbilidade
neuroldgica em criangas com LCA grave que sobreviveram a alta da UCIP (Artigo

V).

Métodos

Os objetivos desta tese foram alcangados através de revisdo bibliografica abrangente e
analise de dados de criangas saudaveis submetidas a cirurgia menor e de criangas com
LCA grave admitidas na Unidade de Cuidados Intensivos Pediatricos (UCIP) do Centro
Hospitalar Universitario Sdo Jodo. Para avaliar a hipdtese de que a regulagéo alterada do
SNA poderia servir como fator progndstico na LCA pediatrica, realizdmos uma revisio
bibliografica, sintetizando as evidéncias disponiveis e destacando os principais achados
e limitagdes. No Artigo I, identificamos estudos relevantes sobre a VFC em criancas com
LCA e, no Artigo I, realizamos uma revisdo sistematica para investigar as respostas
hemodindmicas na LCA além da VFC na populagdo pediatrica. No Artigo III,

conduzimos um estudo prospetivo observacional com uma coorte de criancas saudaveis
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submetidas a cirurgias menores no Departamento de Cirurgia Pediétrica de um hospital
terciario. Exploramos as medi¢des da VFC em periodos de 10 a 15 minutos antes e apos
a cirurgia, utilizando um gravador Holter® e o software BioSigBrowser®. Nos Artigos
IV e V, incluimos criangas com menos de 18 anos com LCA grave. No Artigo IV,
investigdmos as respostas cardiovasculares como preditores de mortalidade em criangas
que sobreviveram pelo menos 12 horas ap6s a admiss@do na UCIP. No Artigo V,
exploramos essas respostas como indicadores de morbidade neurolégica a 3 e 12 meses

apos a alta hospitalar.

Principais Resultados

Artigo [

Foram analisados sete estudos sobre a VFC em criangas com LCA. Os doentes em
progressdo para morte cerebral apresentaram indices significativamente mais baixos da
razdo LF/HF, com declinios observados nas primeiras horas de hospitalizag¢do. Ja os

doentes com progndstico favoravel apresentaram razdes LF/HF mais altas.

Artigo 11

Nesta revisdo sistematica, que incluiu 13 artigos, destacamos que tanto a hipotensdo como
a hipertensao estavam associadas a piores desfechos. A LCA foi frequentemente ligada a

intervalos QTc prolongados e a cardiomiopatia neurogénica.

Artigo 111

Num total de 47 criangas submetidas a cirurgias menores, as medi¢des da VFC antes e

apds a cirurgia revelaram diferengas significativas nos indices temporais em criangas
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mais novas e nos indices de frequéncia em criancas mais velhas. Observou-se uma
reducdo nos indices de VFC até uma hora apds a cirurgia, indicando retirada
parassimpdtica e predominancia simpatica. Apdés 60 minutos, os indices de VFC

normalizaram.

Artigo IV

Incluimos 72 criangas (idade mediana: 10,7 anos) com LCA grave. A mortalidade foi
associada a taquicardia, PA sistélica (PAS) e média (PAM) abaixo do 5.° percentil, e PA
média e diastélica (PAD) acima do 99.° percentil. A medida Poincaré SD1/SD2 foi um

preditor independente de mortalidade.

Artigo V

Entre 31 criancas sobreviventes, melhores desfechos foram observados em 51,6% aos
trés meses e 67,7% aos 12 meses. Valores precoces elevados de PAS e de indices de VFC
— em particular a poténcia na banda LF, medida 12 horas apds a admiss@o na UCIP —
poderdo constituir preditores independentes e ndo invasivos de prognéstico neurologico
a longo prazo em criancas com LCA grave. Estes dados sustentam a ativacdo autondmica
precoce como marcador de prognostico favoravel e reforgam o valor da monitorizagéo
cardiovascular e autondmica na estratificacdo progndstica e na personalizacdo de

estratégias neuroprotetoras em contexto neurocritico pediatrico.

Conclusoes

Os nossos estudos reforcam a importdncia dos pardmetros hemodinamicos como
preditores de desfechos em criangas com lesdo cerebral adquirida grave. A manuteng¢éo
de uma frequéncia cardiaca (FC) e pressdo arterial (PA) controladas, dentro dos intervalos
adequados, nas primeiras horas apos a admissdo na Unidade de Cuidados Intensivos
Pediatricos (UCIP), € crucial para a obtengcdo de melhores resultados. As medidas da
VFC, como a relagdo SD1/SD2 de Poincaré, sao preditores solidos de mortalidade e

podem ajudar na identificagdo de doentes com progndsticos mais favoraveis.



Adicionalmente, parametros como o componente LF tém mostrado potencial na previsdo
de desfechos neuroldgicos entre os sobreviventes, funcionando como marcadores de

integridade autondmica e recuperag@o funcional.
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1. Introduction

“When the heart is affected, it influences the brain, and the condition of the brain, in turn,
affects the heart through the pneumo-gastric (vagus) nerve. Thus, during any form of
excitement, there is significant mutual interaction and feedback between these two vital

organs of the body”

“The Expression of Emotion in Man and Animals!”, Charles Darwin, 1873

1.1 Autonomic Nervous System

The autonomic nervous system (ANS) is part of the peripheral nervous system that acts
as a control system regulating various important organs and physiological functions of
the body !2. It controls the smooth muscles of the internal organs, the cardiovascular
system and the secretory function of the glands; comprises sympathetic (SNS) and
parasympathetic (PSNS) branches, which differ in their anatomy and function 3#. The
ANS is regulated by reflexes involving sensory input to control centers in the
hypothalamus and brainstem, which monitor and regulate many important variables in
the body, including heart rate (HR), blood pressure (BP), gastrointestinal peristalsis,
glandular secretion, body temperature, hunger, thirst, plasma volume, and plasma
osmolarity, while also being influenced by higher brain regions like the limbic system
and cerebral cortex °.

The SNS predominates in "fight-or-flight" situations and during exercise, preparing the
body for action by increasing blood flow to muscles and triggering responses like

tachycardia, hypertension, and bronchodilation. Preganglionic neurons originate in the
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thoracic and lumbar spinal cord (T1-L2) and synapse in the sympathetic ganglion chains,
enabling widespread effects through a high divergence ratio (1:20). The SNS also directly
stimulates the adrenal medulla, releasing hormones into the bloodstream for systemic
effects. It plays a unique role in regulating vascular tone and sweating, while also
providing innervation to structures in the head, thorax, abdomen, and pelvis °.

The PSNS predominates during rest, promoting energy conservation and regulating
functions like digestion and urination. Its preganglionic neurons, originating in the
brainstem and sacral spinal cord (S2—-S4), have long axons that synapse in terminal
ganglia near or within target tissues, resulting in localized effects. The vagus nerve (X
cranial nerve) carries 75% of parasympathetic fibers, innervating thoracic and abdominal
organs, while pelvic nerves serve pelvic viscera. The PSNS has minimal divergence, often
with a 1:1 pre-to-postganglionic fiber ratio, ensuring discrete and targeted responses °.
The main autonomic neurotransmitters are acetylcholine (ACh) and norepinephrine. The
ACh is released by all preganglionic fibers, parasympathetic postganglionic fibers, and
sympathetic fibers to sweat glands, while norepinephrine is primarily released by
sympathetic postganglionic fibers. The adrenal medulla, a modified sympathetic
ganglion, secretes epinephrine (epinephrine, 80%) and norepinephrine (20%) into the
bloodstream, enhancing stress responses. The ACh acts on nicotinic (N-type) and
muscarinic (M-type) receptors, while norepinephrine and epinephrine activate adrenergic
receptors, including B-receptors, which regulate HR, contractility, and metabolism during
sympathetic activation >,

The ANS exerts effects on various organs, including the heart and the eyes. Sympathetic
stimulation of the heart increases heart rate, force of contraction, and rate of contraction.
In contrast, parasympathetic stimulation decreases heart rate and rate of contraction. In

the eye, sympathetic stimulation induces mydriasis by contracting the radial muscle of
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the iris, while parasympathetic stimulation causes miosis by contracting the circular

muscle of the iris *3.

One of the first facts about the two opposing branches of the ANS learned from
physiology textbooks is the antagonistic innervation and the balance between the two:
more sympathetic activity implies parasympathetic withdrawal and vice versa. It has led
to elaborate schemes to quantify the sympathetic/parasympathetic balance, from heart

rate variability (HRV) %,

1.2 Autonomic nervous system influence on the
cardiovascular system

The ANS continuously alters and regulates HR and its thythm 7. The vagus nerve of PSNS
innervates the sinoatrial node (SA), atrioventricular (AV) node and myocardium of the
heart 7. Under normal circumstances, the SA generates heartbeat regulated by the ANS
efferent neurons and hormonal control. Pacemaker activity originates from the SA and
AV nodes, while cardiac plexuses integrate autonomic and sensory signals. Vagal
responses to arterial stretch via the baroreflex are key in sustaining resting HR. Hence, an
intricate balanced activity of SNS and PSNS occurs. Because of continuous changes in
sympathetic-parasympathetic balance the sinus rhythm exhibits fluctuations around the
mean HR and frequent small adjustments in HR are made by cardiovascular control
mechanisms 3. This leads to fluctuations in HR. The PSNS serves as the primary regulator
of HR, maintaining it within a range of 60-100 beats per minute (bpm) at rest. This
regulation occurs despite the intrinsic rate of the sinoatrial (SA) node, which is
approximately 100 bpm or roughly calculated as 110—0.6xage °. HR increases during
exercise, peaking at 208—0.7xage, with variability influenced by BP (via the baroreflex)

and respiration. Beyond its impact on HR, the PSNS reduces contractility in the atrium
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and, to a lesser extent, in the ventricles. This effect extends beyond the mere reduction in
HR. Additionally, vagal activity slows conduction speed through the AV node as well as
in the atria and ventricles '%!!. The SNS controls beat-to-beat arterial BP and regulates
blood vessel tone and subsequently blood flow through the organs '2. SNA increases with
BP drops, such as during standing, but in anesthetized conditions, impaired sympathetic
drive prevents BP recovery. Cerebral circulation is an exception, maintaining flow via

strong autoregulation despite pressure changes *.

1.3 Heart rate variability

“Life is about rhythm. We vibrate, our hearts are pumping blood, we are a rhythm
machine, that’s what we are.” - Mickey Hart. With its strategic position, the heart acts not
only as the main pump but also as a global coordinator in synchronism with the other
body functions. Because of the influence of many factors, the heart does not maintain the
exact same rhythm from one heartbeat to the next. It reacts to any stimulus by increasing
or decreasing its rhythm so that the body can adapt to any change '*. This adaptation is
called heart rate variability (HRV) and can also be characterized in terms of amplitude:
weak, normal or high. A high HRV is the sign that the heart is healthy since it has more
flexibility to react to any stress (physiological or environmental). Alternatively, a reduced
HRV is a symptom of health problems and can affect immune functions, self-regulation

13, HRV is the variation over time of the period between

and psychosocial abilities
consecutive heartbeats and it is predominantly dependent on the extrinsic regulation of
the HR *. HRV as gained popularity in the assessment of autonomic activity since the
1970s %, To address the lack of standardization and the growing number of HRV
measures, a Task Force of the European Society of Cardiology and the North American

Society of Pacing and Electrophysiology established guidelines in 1996 for measurement,

interpretation, and clinical use '°.
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1.3.1 Assessment and interpretation of heart rate variability

measurements

Devices such as pulse oximeters, ECG and BP monitors can assess HRV, with ECG being
commonly used for this purpose. Accurate measurement requires high-quality data,
minimal noise, and sampling rates of 250-500 Hz (minimum 100 Hz with interpolation).
HRYV signals are non-linear and complex, often requiring manual editing to ensure
reliability. Most investigators edit their raw data manually to ensure sufficient quality.
R-R is non-linear and non-stationary, a highly complex signal ',

The procedure for recording and processing ECG for HRV analysis involves recording
the ECG signal, digitizing it using a microcomputer, identifying and editing artifacts in
the RR interval data, rejecting irregular RR intervals, and creating NN interval sequences
7. To quantify HRV, it is essential to identify the NN intervals, which correspond to the
intervals between consecutive beats originating from the SA node. HRV analysis requires
identifying normal-to-normal (NN) intervals on the ECG while ensuring: 1) a good
signal-to-noise ratio, 2) proper classification of beats to distinguish between beats
originating in the SA node and ectopic beats, and 3) exclusion of ectopic beats. Only beats
originating from the SA node should be considered for HRV analysis '6. The fact that
HRYV is based on the NN intervals limits its use to individuals with a sinus rhythm and a
limited number of ectopic beats. For the analysis to be reliable, different criteria have
been proposed: the number of beats originating in the SA node must be at least 70 % of
the total (some authors even demand 99 % of the beats to originate in the SA node). The
strictest criteria demands that the recording must not contain more than 10 ectopic beats
per hour '°. These criteria exclude many patients from HRV analysis '°.

The major methods for analyzing HRV are a): Time domain methods '3-2° b): Frequency

21-24 25-29 methods. The most common linear and

domain methods and c): Non-linear
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non-linear HRV measures are summarized in Table 1 and detailed in the following

sections.

Table 1. Most common linear and non-linear HRV measures.

Variability analysis Parameters Units Description
Time domain
Statistical SDNN ms Standard deviation of the NN interval.
SDANN ms Standard deviation of average of NN intervals in 5 min epochs of
entire recording.
RMSSD ms Square of the root of the mean of the sum of square differences
between adjacent NN intervals.
SDNN ms Mean of the standard deviations of all NN intervals for all 5 min
index segments.
SDSD ms Standard deviation of differences between adjacent NN intervals.
NN50 Number of pairs of adjacent NN intervals differing by more than 50
ms.
pNN50 % NNS50 count divided by the total number of all NN intervals.
Frequency domain
Short-term Total power  ms? Variance of the NN intervals over the temporal segment.
recording (5 min) (TP)
VLF ms’ Power of very low frequency range (0.0033 Hz—0.04 Hz).
LF ms’ Power of the low frequency range (0.04 Hz—0.15 Hz).
LF norm n.u. Normalized low-frequency power, calculated as LF / (Total Power
— VLF) x 100
Long-term recording HF ms? Power of the high frequency HF in normalized units (0.15 Hz—0.40
(24h) Hz).
HF norm n.u. Normalized high-frequency power, calculated as HF / (Total Power
— VLF) x 100
LF/HF n.u. Low frequency/High frequency ratio.
Non-linear measures
Poincaré analysis S ms Area of the ellipse, representing total variability.
SD1 ms Standard deviation perpendicular to the line of identity in a
Poincaré Plot.
SD2 ms Standard deviation along the line of identity in a Poincaré Plot.
SD1/SD2 ms Ratio of SD1 to SD2.
Entropy analysis ApEn Approximate entropy, measures the regularity and complexity
associated with a time series.
SampEn Sample entropy, measures the regularity and complexity associated

with a time series.

Adapted from: Task Force of the European Society of Cardiology and the North American Society of

Pacing and Electrophysiology, Standards of measurement of HRV guidelines.

17,30

The duration of the recordings for HRV analysis is very important and is determined by

the nature of the research. Although time-domain parameters can be derived from a short-

term investigation, they are more accurately calculated from longer recordings

17

Analysis of HRV have been recommended for both long-term (24 h) and short-term (5

min) studies *'. Short-term recording is more practical than long-term recording and has

been the most used and widely published HRV data along the years *2. Short-term HRV



is typically measured over a few minutes (commonly 1 to 5 minutes, though segments of
10 or 20 minutes may also be used 33**. Middle-term HRV (measurements that span
several minutes to a few hours) can give a better overview of HRV under different
conditions, such as during different activities or over a part of the day. Long-term HRV
(measurements over several hours or even days) can help track overall autonomic health
and balance, providing a broader picture of how the HR fluctuates under various life

conditions, including sleep, physical activity, and daily stressors 3.

Assessment of heart rate variability by time domain analysis

The time-domain HRV parameter extraction methods comprise the geometrical and
statistical methods. The statistical methods provide the parameters derived either
explicitly from the RR intervals or indirectly after the alteration in the length of the RR
intervals 3¢,

The time domain analysis provides average values of the variations for different periods
of time. The main parameters derived from time domain analysis are the standard
deviation of normal-to-normal inter-beat interval (SDNN) and the root mean square of
successive RR interval difference (RMSSD). The first parameter is a direct reflection of
HRYV and presents the overall activity of the ANS, and the second one is associated with
the activity of the PSNS 173738,

SDNN is a global index of HRV and is formally the standard deviation of all normal
QRS-distances *. Standard deviation of the average NN intervals (SDANN) is a variant
that has been mostly used in critical ill patients over short periods. This index is also
called short-term HR volatility is computed for a given patient every 5 min by calculating
the standard deviation of all HR samples collected during that time interval *°. SDANN
is measured and reported in milliseconds (ms), like the SDNN, and provides a “smoothed

out”version of SDNN, is less subject to editing error than SDNN because averaging



several hundred NN intervals minimizes the effects of unedited artifacts, missed beats,
and ectopic complexity. As such, SDANN is also much less affected by abnormal

rhythms*! .

Regarding variables based on interval differences, RMSSD reflects the beat-to-beat
variance in HR and is the primary time-domain measure used to estimate the vagally
mediated changes reflected in HRV (49). And correlates with the non-linear metric
Poincaré SD1, which reflects short-term HRV. Other short-term interval measures, such
as NN50 (the count of successive NN intervals differing by more than 50 ms) and pNN50
(the percentage of NN50 relative to the total NN intervals, typically calculated over a 24-

hour recording), are commonly used as indicators of cardiac parasympathetic activity !7.

RMSSD and pNNS50 are short-term variables based on interval differences. Twenty-four-
hour RMSSD measurements are strongly correlated with pNN50 and HF power (50).

TINN, which stands for “triangular interpolation of NN interval histogram,” and the HRV
triangular index, are examples of time-domain geometrical parameters. TINN represents
the reference size of the RR interval (or NN interval) histogram when calculated using
triangular interpolation. The HRV triangular index is derived from the RR interval
histogram by computing the proportion of the entire amount of RRIs to the stature of the

RRI histogram 2.

All time domain HRV estimates are easily calculated. Also, they do not require
stationarity in the same manner as most frequency domain and non-linear analyses do.
The main limitation of time domain methods is the lack of discrimination between effects

of sympathetic and parasympathetic autonomic branches 3.



Assessment of heart rate variability by frequency domain analysis

Frequency-domain (power spectral density) analysis describes the periodic oscillations of
the HR signal, decomposed at standard frequencies ranges !7, and provides information
on the amount of their relative intensity (termed variance of power) in the sinus rhythm
of the heart 4. Standard HRV frequency domain measures are listed in Table 2 with brief

explanations 4.

Table 2. Normal values for frequency-domain variables.

[ variable (Unit) Description Normal Values |
TP (ms*/Hz) The total area under the curve in a power spectrum plot. The ms¥Hz is 3466 + 1018
considered an absolute unit of measure. ms?*/Hz

ULF (ultra-low frequency)  The peak frequency found in this defined range; obtained from 24-h  0.00-0.003 Hz
recordings and may be a graphical representation of direct current (DC).

VLF (very low frequency)  The peak frequency found in this defined range. The physiological 0.003-0.04 Hz
significance is unknown but may correspond to thermoregulation. VLF
power affected by mathematical algorithms of trend (baseline) removal.

LF (low frequency) The peak frequency found in this defined range. Both parasympathetic ~ 0.04-0.15
and sympathetic activity influences this component, which may reflect
baroreflex mediated modulatory activity.

LF power (nu) Measure represents relative proportional value of LF power to total 54 +4 nu
power, calculated as [LF power/ (total power-VLF power)]x 100. Power
in normalized units should be reported in conjunction with absolute
units. Normalization minimizes the effect of change in total power
dependent on the individual frequency components.

HF (high frequency) The peak frequency found in this defined range, which is influenced by ~ 0.15-0.4 Hz
both respiratory and parasympathetic activity.

HF power (nu) Measure represents relative proportional value of HF power to total 29+ 3 nu
power, calculated as [HF power/ (total power-VLF power)] x 100.

LF/HF ratio Calculated as LF power/ HF power. This controversial measure is 1.5-2.0

considered an assessment of sympathicovagal balance.

Adapted from Schumacher A. Linear and nonlinear approaches to the analysis of R-R interval variability.
Biol Res Nurs. 2004 Jan;5(3):211-21. doi: 10.1177/1099800403260619. PMID: 14737922 4.

Frequency domain is based on the relative portion of different frequency areas in the time
series. This can be calculated in different ways *°. Namely nonparametric and evaluated
with the Fast Fourier Transform.
In humans, standard frequency bands have been established, specifically !”:
- High-frequency band (HF): between 0.15 and 0.4 Hz — modulated by the
PSNS and associated to respiratory activity.
- Low-frequency band (LF): between 0.04 and 0.15 Hz — derives from the

activity of both the SNS and the PSNS, but since it is the only indicator to

(%)
(%)



assess the activity of the SNS, it is accepted as a parameter describing it and
is thought to reflect the delay in the baroreceptor reflex system.

- Very low-frequency band (VLF): between 0.01 and 0.04 Hz — it is of uncertain
origin but has been attributed to a marker of sympathetic activity and
associated with the activity of the renin-angiotensin-aldosterone system.

- Ultra-low frequency band (ULF): < 0.017 Hz - dictated by the circadian
rhythms but their origin is still unclear and disputable and is only feasible for
long-term use.

Total power (TP) is typically measured in milliseconds squared (ms?) and represents the
sum of the power across all frequency bands in the HRV spectrum.

Measurement of both LF power and HF power in normalized units (nu) is obtained by
dividing the absolute power of each component by the TP and multiplying by 100. The
indices LF (nu), HF (nu) are algebraically dependent and linearly associated, as: [LF (nu)
+ HF (nu)] = [LF/ (LF + HF)] + [HF/ (LF + HF)] = (LF + HF) / (LF + HF) = 1. Therefore,
each of the indices is predictable from the other: LF (nu) = 1 — HF (nu), and HF (nu) =1
— LF (nu) . According to this linear relationship, it becomes clear that reporting both
values is considered as redundant. LF power probably reflects in large parts the baroreflex
modulation of heart period in response to spontaneous changes in BP by both vagal and
sympathetic efferent mechanisms *6. Some earlier research has suggested that when LF
is presented as a normalized value, it is interpreted as a measure of pure sympathetic
function 4%, While the normalization process seems methodologically interesting, it is
important to point out the paradox associated with the normalized spectral HRV values,
which affects the physiological interpretations related to the ANS function 3. The Task
Force highly recommended that normalized units should always be quoted with the

corresponding absolute values to completely describe the distribution of power in the



spectral components #°. In a previous meta-analysis on the effects of exercise training on
HRYV 3!, separate analyses were conducted on frequency-domain HRV indices (absolute
values and normalized values were analyzed separately). The result of the HF in absolute
values was significant, whereas the result for the same parameter in normalized units was
not significant. Moreover, none of the LF (nu), HF (nu), and LF/HF ratio results were
significant, confirming the significance dependence between the indices (48).From a
physiological perspective, normalized units and absolute values represent different
aspects of autonomic regulation.

A frequently used ratio is LF/HF, this variable is feasible for both for short-term and long-
term use, it reflects the global sympathicovagal balance and normally is between one and
two in resting adults. Despite serious and largely under-appreciated limitations, the
LF/HF ratio has gained wide acceptance as a tool to assess cardiovascular autonomic
regulation where increases in LF/HF are assumed to reflect a shift to “sympathetic
dominance” and decreases in this index correspond to a “parasympathetic dominance”.
Therefore, it is vital to provide a critical assessment of the assumptions upon which this
concept is based 2. The sympathetic influence on HR is mediated by release of
epinephrine and norepinephrine, resulting in an accelerating rate of the slow diastolic
depolarization and HR, thereby increasing the LF power of HRV. On the other hand, the
parasympathetic influence on HR is mediated by release of Ach, decreasing the rate of
the slow diastolic depolarization and HR, thereby increasing the HF power of HRV 7.
The hypothesis that LF/HF quantifies sympathicovagal balance depends upon four
interrelated assumptions, all whose can be proven to be false. These assumptions are as
follows !: (1) cardiac sympathetic nerve activity is a major, if not the exclusive, factor
responsible for the LF peak of the HR power spectrum; (2) cardiac parasympathetic is

exclusively responsible for the HF peak of the heart rate power spectrum; (3) disease or



physiological challenges provoke reciprocal changes in cardiac sympathetic and
parasympathetic nerve activity (i.e., increases in cardiac parasympathetic nerve activity a
real ways accompanied with corresponding reductions in cardiac sympathetic nerve
activity and vice versa); and (4) there is a simple linear interaction between the effects of
cardiac sympathetic and cardiac parasympathetic nerve activity on HRV. These facts are
in direct opposition to the assumptions. The complex nature of LF power, its exceedingly
poor relationship to sympathetic nerve activation, and the non-linear (and often non-
reciprocal) interactions between sympathetic and parasympathetic nerve activity that are
confounded by the mechanical effects of respiration and prevailing HR, make it
impossible to delineate the physiological basis for LF/HF with any degree of certainty 2.
Thus, the LF/HF sympathicovagal balance hypothesis has been disproven the
preponderance of evidence confirms that LF/HF data cannot accurately quantify cardiac
“sympathicovagal balance” either in health or disease 3275,

The VLF measurement should be at least 5 and better 10 min minimum and is a major
determinant of physical activity and possibly reflects sympathetic activity, though its
origin is controversial 4. It is not used as often but has been associated to clinical
consequences more strongly than LF in some studies *. Decreased VLF is associated
with increased inflammatory parameters like C reactive protein (CRP), inter-leucine 6 (I1-
6). and white blood cells (WBC) 7. Other explanations are as diverse as thermoregulatory
processes, the renin—angiotensin system %, hemodynamic feedback delays, mechanical
and central neural effects of breathing patterns, a central oscillator, spinal retlexes, and
vascular auto rhythmicity 37. The ULF component reflects circadian and neuroendocrine
rhythms 3°. The respiratory component of HRV depends strongly on the breathing volume
and its frequency. The HF component decreases markedly as breathing volume decreases.

In addition, the power of respiratory peak increases as its frequency decreases. If the



breathing frequency is below 0.15 Hz, it becomes measured not as the HF component but
as a part of the LF component 3°. The link between the HF component and cardiac
parasympathetic activity is due to the association between the magnitude of respiratory
sinus arrhythmia and cardiac parasympathetic activity, which requires that the respiratory

rate is always maintained in the range of 9-24 beats/min (0.15-0.4 Hz) .

Assessment of heart rate variability by non-linear methods

HRYV could also be assessed by non-linear mathematical analysis. The difference between
“linear” and “non-linear” methods is not as clear as it may seem. Frequency-domain
analysis is in principle based on predefined patterns. In Fourier transformations the
assumed pattern is a sinusoidal wave, and in wavelet analysis a specific wavelet function.
Nonlinear methods can start without specifying any pattern simply by looking at the
behavior of the sinus node oscillator in a multidimensional phase space, where it turns its
rounds in complex trajectories, possibly being thrown of course by a multitude of factors
inside and outside the heart (or even the subject) 4.

Nonlinear indexes are not standardized ®' but may be considered as alternatives to other
standard HRV measures. Many nonlinear methods based on concepts of chaos, fractality,
and complexity have been used in evaluating heart-rate variability to understand
cardiovascular dynamics in healthy as well as in pathological conditions 2.

Most researchers, have difficulty with using the correct technique, with the correct
parameters on the right type of data and interpreting the results accurately. The most
applied methods to HRV analysis include the Poincaré plot (Pplot), sample entropy
(SampEn), and multiscale entropy (MSE) 62,

The Pplot is graphed by plotting every RR interval against the prior interval, creating a
two-dimensional graphic scatter plot (Figure 1). Pplot analysis allows researchers to

visually search for patterns buried within a time series (a sequence of values from



successive measurements). Unlike frequency-domain measurements, Pplot analysis is
insensitive to changes in trends in the R-R intervals 3.

The Pplot, also known as a return or delay map, allows assessing the heartbeat dynamics
based on a simplified phase-space embedding. The Pplot is a two-dimensional graphic
(scatter plot) in which each RR interval (NN interval), x (i), is plotted as a function of the
previous RR interval, x (i — 1).

The Pplot analysis is an emerging quantitative-visual technique, whereby the shape of the
plot provides summary information on the behavior of the heart . For a healthy heart,
the cloud of points presents a comet shape oriented along the line of identity (Figure 1);
the cardiac heart-failure dynamics are characterized by a stretched elliptical-shaped cloud
of points also along the line of identity. We can analyze a Pplot by fitting an ellipse to the
plotted points. After fitting the ellipse, we can derive three non-linear measurements, S,
SD1, and SD2. The area of the ellipse which represents total HRV (S) correlates with
baroreflex sensitivity, LF and HF power, and RMSSD 3.

The standard deviation (hence SD) of the distance of each point from the y = x axis (SD1),
specifies the ellipse’s width. The SD1 measures short-term HRV in ms and correlates
with baroreflex sensitivity.

The SD1 predicts diastolic BP, HR Max — HR Min, RMSSD, pNN50, SDNN, and power
in the LF and HF bands, and TP during 5 min recordings. The standard deviation of each
point from the y = x + average R—R interval (SD2) specifies the ellipse’s length.

The SD2 measures short- and long-term HRV in ms and correlates with LF power and

baroreflex sensitivity 3¢,



Figure 1. Poincaré Plot with SD1 and SD2.
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Background: A scatterplot showing RR intervals (NN intervals) on both axes (e.g., RRnRRn on the x-axis
and RRn+1RRn+1 on the y-axis) and a cloud of points demonstrating typical variability in RR intervals.
Key features: Line of Identity (45-degree line): A diagonal reference line where RRn=RRn+1RRn=RRn+1
; SD1: A line perpendicular to the Line of Identity, representing short-term variability. A standard deviation
ellipse highlights the dispersion of points along this axis; SD2: A line along the Line of Identity,
representing long-term variability (Figure created with the assistance of Open Artificial Intelligence’s
ChatGPT).

The ratio of Poincaré SD1/SD2, which measures the unpredictability of the RR time
series, is used to measure autonomic balance when the monitoring period is sufficiently
long and there is sympathetic activation. SD1/SD2 is correlated with the LF/HF ratio 66-7.
A few techniques were developed attempting to summarize the plot’s geometric
appearance quantitatively. The geometrical descriptors, as the ellipse fitting technique,
the histogram techniques, and the correlation coefficient, are the most popular in the
clinical and HRV literature 2. The distribution of points along the perpendicular to the
line of identity reflects the level of short-term variability measured by SD1 646398 On the

other hand, the dispersion of points along the line-of-identity is thought to indicate the

level of long-term variability and is measured by the standard deviation denoted by SD2
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The Pplot is one of the methods most used in the HR field. Henriques et al. © reviewed
the most common nonlinear methods applied to HR time series and found that the Pplot
has been one of the most used methods in the last years. It is a method easy to compute,

it gives a visual display, and its interpretation is understandable by many clinicians.

Measures of entropy are increasingly used to describe the predictability and complexity

of biological signals, including HRV 7°,

Approximate entropy (ApEn) and sample entropy (SampEn) are the two most applied
methods for biological data analysis 7!. The ApEn quantifies the regularity and
complexity of a time series, making it suitable for short, noisy datasets without
assumptions about system dynamics ¢’. In HRV analysis, higher values indicate less
predictable RR intervals, while lower values reflect greater regularity 72. It assesses the
recurrence of patterns and the likelihood that similar sequences remain consistent in

length 40,

Sample entropy was developed to address the limitations of ApEn. It quantifies the
likelihood of identifying specific patterns in a short time series and is expressed as the
negative natural logarithm of this probability 7. Diseased systems often have lower
SampEn values, but traditional methods like ApEn and SampEn can paradoxically show
higher entropy in noisy time series compared to healthy, more complex dynamics. This
inconsistency arises because single-scale entropy measures do not capture the intricate
temporal fluctuations of healthy physiological systems (70). A multiscale entropy (MSE)
approach overcomes this limitation by dividing the original time series into non-
overlapping windows, calculating the mean within each window, and generating a new
time series for each scale. Entropy measures, such as SampEn, are then calculated across

scales, providing a more detailed analysis 7#7°. The SampEn is less biased and more
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reliable than ApEn and can be applied to shorter time series with fewer than 200 data

points. Its interpretation is like ApEn but offers greater robustness 2767,

Despite their utility, no single method is universally superior. Researchers are encouraged
to combine multiple techniques to achieve a more robust interpretation of HRV dynamics

39

Nonlinear analysis methods are generally less sensitive to recording length and artifacts

but lack consensus regarding the interpretation of their parameters 383081,

Correlation between heart rate variability measurements, their interrelationships,
and associations with the autonomic nervous system.

Various time-domain indices show correlations with frequency-domain and non-linear
HRYV measures, and vice versa, highlighting their interconnected nature.

Table 3 provides an overview of how these different HRV measures align across the time,
frequency, and non-linear domains and illustrates their relationships with the ANS
17.43,46,61,67.82.83

Each measure plays a distinct role in evaluating autonomic regulation, offering insights
into both parasympathetic and sympathetic activities depending on the specific

physiological or clinical context.
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Table 3. Summary of the correspondence and interrelations between time-domain, frequency-domain, and

non-linear HRV measures !7:41:43:46.61,67.82.83

Measure Time-Domain ]l;req “.e ney- Non-Linear ANS Implications
omain
TP (strong
. . correlation). . Poincaré SD2 Reflects overall HRV, both
Time-domain LF (partial (strong SN and PSNS influence
SDNN SDANN  (highly correlation). . )
correlation). Measures of  long-term
correlated) HF (weak . .
. complexity in HR dynamics.
correlation).
Poincaré SD1
. . HF (strong .
Time-domain . (equivalent). ..
. correlation). Reflects PSNS (vagal) activity
RMSSD PNN30 (highly TP (partial SampEn/  ApEn and short-term HRV.
correlated) . (strong
correlation). correlation).
. Poincaré SD2 . .
SDNN (partial (stron Associated with both SNS and
LF correlation). Frequency- correlftion) PSNS activity. Reflect overall
pNNS50 (weak  domain SampEn/A .En variability, including long-
correlation) (weaIl)< correl:)lation) term influences.
Poincaré SD1  Reflects PSNS activity (vagal
RMSSD  (strong (strong tone). Reflect variability and
HF correlation). Frequency- correlation). adaptability and short-term
pNNS50 (strong  domain SampEn/ApEn fractal-like variability
correlation). (strong modulated by parasympathetic
correlation). tone.
Poincaré SD1/SD2
SDNN (weak (inversely related). A higher ratio suggests SNS
LE/HF ratio correlation) Frequency- SampEn/ApEn dominance. Higher entropy
RMSSD domain (weak to moderate typically reflects greater PSNS
(inversely related). negative modulation, lowering LF/HF.
correlation).
Poincaré SD2
(strong
SDNN (strong ;01jrelat1,on). Total HRYV; increased T.P
. oincaré SD1  suggests good autonomic
TP correlation). Frequency- (partial balance and health. Reflecting
RMSSD  (partial domain . "
correlation) correlation). HRV complexity and
’ SampEn/ApEn adaptability.
(positively
associated).
RMSSD HF (strong Non-linear Indicates PSNS activity; higher
(cquivalent) correlation) measure. SD1 correlates with better
Poincaré SD1 PNN50 (correlates TP (partial SampEn/ApEn vagal ‘t(')ne. Reflecting greater
.. . (positively variability and healthy
positively). correlation). . : .
associated). autonomic regulation.
SDNN (strong Ecl):rrelaticfli;mng Non-linear El:ﬁiitgz NS lon, af‘::rt-ltvel;tl};l‘
Poincaré SD2 correlation). . Loeung g
TP (partial  measure. oscillations influenced by both
correlation). SNS and PSNS activity.
RMSSD/SDNN Non-linear Reflects the balance between
Poincaré ratio (conceptually LF/HF ratio measure. PSNS and SNS activity.
SD1/SD2 ratio similar). (inversely SampEn/ApEn Higher SD1/SD2 ratio
PNN50 (correlates related). (positively indicates greater
positively). associated). parasympathetic dominance.
Reflects  complexity  and
SDNN  (positively  HF (correlates Non-linear regularity of HRV; " higher
1 .. ApEn indicates better
correlate). positively). measure tonomic resulation. Hieher
SampEn/ApEn  RMSSD LF (weak or Poincaré SDI/SD2 WOnOMIc reguiation. Highe
(moderatel . . . overall HRV allows for greater
Y inconsistent (positively .
. complexity.
correlated). correlations). correlate).

Greater short-term variability
often increases irregularity.
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1.3.2 Influence of physiological factors on heart rate variability

The factors affecting HRV have been grouped into five categories, such as: 1- Lifestyle
factors; 2- Environmental factors; 3- Physiological factors; 4- Pathological factors and 5-
non-modifiable factors 73,

In this categorization, factors such as age, sex, genetic, chronic health conditions and
lifestyle factors (like nutrition, alcohol circadian rhythm, and stress) could affect HRV
78486 Indeed, HRV is being regarded as a health indicator 78486,

Physiological factors like age, gender and ethnicity influence HRV and are depicted in

Table 4 %,

Table 4. Effect of physiological factors on HRV.

Factor Effect Reference

Sex Most parameters are lower in women. Stein et al. ¥ and Bonnemeier et al.
88

Age Most HRV parameters decrease with age, except ULF. Bigger etal.®® and Stein et al.¥’

SDNN, RMSSD, HF, and TP decrease with age, whereas Abhishekh et al. *°
LF/HF increased.

Weight Anorexia nervosa: frequency domain|. Increased BMI: TP|. Rechlin et al.”' , Poirier et al.? , and
Weight loss >10%: HF1 Kimura et al.
Ethnicity Lower HRV in Afro Americans compared to Caucasians but ~ Choi et al. *

did not control social class. Asian children had a higher Reed et al.®
LF/HF ratio than Caucasian of a same community in Canada.

Influence of age on heart rate variability

There is general progressive maturation of the ANS after birth as supported by the
literature and reported in Table 5. Some authors describe a gradual increase of
parasympathetic relative to sympathetic mediation in the first 610 years of life followed
by a gradual decrease 7. There are many studies investigating the relationship between

the age of healthy children and HRV in the literature 3898102,



Table 5. Influence of age on HRV.

Authors Characteristics

Main findings

Finley et al.!®%,

and LF. 3-min ECG.
Clairambault

etal. ',1992  weeks of the conceptional age.

Finley and 24-h Holter ECG recording of 61
normal healthy children and
young adults (1 month to 24 years
of age). Segments of 1-h for the
1995 awake state, quiet and active sleep

were chosen for the computation

Nuget et al. %1,

of spectral HRV indices.

Goto et al.®, 60 healthy children aged 3-15

1997 years.

Massin =~ and 24-h ECGs in 210 children aged
von Bernuth et between 3 days to 14 years old.
Time and frequency domain HRV

al. 19,1997
indices.

Umetani et al. 24-h ECGs in a group 260 healthy
subjects in a wide range of age

%.1998 between 10 and 99 years old.

Silvetti et al. 24-h Holter monitoring of 103
healthy children and adolescents.
Subjects were divided into four
groups (ages 1-5, 6-10, 11-15,

1002001

16-20 years).

Galeev et al. 5400 cardiac rhythmograms of
schoolchildren

5400 healthy

1062002 between 6- to 16- years

44

29 children and young adults in
three groups between 5 and 24
1987 years of age. Spectral analysis of
the two main frequency bands, HF

24  healthy sleeping newborns
who were born between 31 and 41

LF and HF amplitudes and the LF/HF ratio
decreased between 5 and 10 years of age.

HRV measured by spectral analysis was
increased from the premature (31-36 weeks) to
the intermediary (37-38 weeks) for both HF and
LF, and to the full term (39—41 weeks) of the
conceptual age for the LF.

The power of LF and LF/HF changed
significantly with age during both quiet and
active sleep whereas HF only changed during
quiet sleep. The TP was not related to age
irrespective of the sleep or awareness state in this
study.

Time domain HRV measures showed a
significant increase in SDNN in the group 3—9
years old and a decline in children 9-15 years
old. For the spectral HRV assessment, 10-min
recordings were used—HF and LF increased in
children 3-6 years old and then gradually
declined in children who were 6—15 years old.
The LF/HF ratio increased in the group of 3—6
years old and then no significant differences were
observed in older children up to 15 years old.
Age was significantly and positively correlated
with all studied HRV parameters.

HRYV (by all measures) decreases with aging. The
pattern of HRV decline is measure dependent.
These phenomena presumably reflect age- and
measure-dependent differences in underlying
autonomic or other regulatory mechanisms.
Normal aging can lower HRV, as determined by
SDNN index, RMSSD and pNN50, to below
levels associated with increased risk of mortality,
particularly at > 65 years.

With increasing age, there is a progressive and
significant decrease in mean RR and increase of
SDANN SDNN and pNN50 increased
significantly only between the first two age-
groups (ages 1-5, 610 years).

Values of parameters of the HRV (mean NN,
SDNN, RMSSD, TF, VLF, HF) increase with
age wavelike changing from year to year. Gender
differences in mean NN were observed beginning
from 9 years of age, in parameters TF, VLF, and
LF gender differences were observed beginning
from 11 years of age, and in parameters SDNN,
RMSSD, and HF, the differences between boys
and girls were observed beginning from 12 years
of age.



Table 5. Influence of age on HRV (continued).

Authors Characteristics

Main findings

Rekawek et al.
to 18 years (mean

1072003 age 11 years).

Lenard et al.

108 2004 healthy children and young adults
(7 to 22 years old).

Fukuba et al. 136 healthy individuals between 8
and 20 years who were instructed

1092009 to breathe periodically (0.25 Hz).

Cysarz et al.

1102015
between one and 22 years.

Moodithaya et 267 healthy volunteers at supine
resting condition (126 males)
between the age group of 6-55
years [60 children (6-11 years)
and 66 adolescents (12-16 years)].
Short-term  frequency domain
analysis of HRV was analyzed.

al. 11,2012

Michels et al.
1122013
segments.

Sharma et al.
1132015

old.
Gasior et al

142015 6—13 years old.

Bobkowski et 24-h ECGs between 100 healthy

al %8, 2017 girls and boys aged 3-18 years.

Shvartz et al
1152025

and gender.

372 healthy subjects aged from 4

Time domain and spectral HRV in
10-min resting ECGs in 137

24-h ECG Holter recordings in
409 healthy children, adolescents
and young adults in the age range

460 children in the age between 5
and 10 years old. 5-min ECG

451 volunteer school students in
the age between 12 and 17 years

346 healthy children in the range

5-min ECG of 22468 healthy
children ranging 5.5-12.5 years of
age. The data were grouped by age

Global sympathetic and time domain HRV
parameters, such as SDNN and SDANN,
increased significantly with age.
Parasympathetic parameters, such as RMSSD
and pNN350, are not age dependent.

LF values increased, and HF values decreased
significantly with age.

SDNN, LF, and HF were significantly larger in
the oldest children 1518 years old compared to
the middle group between 11 and 14 years old.

No significant correlation between age and
neither the parasympathetic (HF/TP) nor
sympathetic (LF/HF) indices of the control of
HR.

Age related variation in the SDNN, ULF, VLF,
LF, and LF/HF—the value of these parameters
was, in general, increasing with age.

HF was constant in children up to 13 years old
and then slightly declined but in general it was
not correlated with age.

The higher relative power of LF and lower ratio
of HF/ LF from children age group to middle age
suggest that ageing is associated with shifting
cardiac autonomic tone towards sympathetic
dominance.

An accelerated decline of HF was observed from
adolescent to adult age (2040 yrs) group and
from adult to middle age (41-55 yrs).

Overall, HRV showed wave-like increasing
trends, especially in boys, except for LFnu and
the LF/HF ratio, which decreased without wave-
like patterns. HRV increased until around 6 to 9
years of age, then either decreased or remained
stable, with wave-like changes still seen in boys.
No association between age and time and
frequency domain parameters of HRV.

No significant correlation between children’s
age and neither RMSSD nor HF were observed.
HRV parameters derived from the analyses of
Poincaré plots and Lomb-Scargle periodograms
increase with age.

Total HRV and the activity of the PSNS, increase
with age, with a peak increase in their values at 8
and 9 years of age. HR, as well as the activity of the
SNS, decreased with age.

Younger people show higher variability and HRV decreases with age. With age HRV

decreases 33111116117 " Children not only have higher values in the frequency domain

parameters but also have stronger response to different stressful stimuli

3,118
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Time domain HRV indices reflecting parasympathetic modulation on sinus node increase
with age in children and stabilize after the age of 10 years '%.

Not all HRV indices that contribute to total HRV show such a significant relationship in
all age ranges. Neither HF nor Poincaré SD1 alter significantly with age. This observation
is partially like some other studies who reported that two measures of short-term
variability, i.e., pNN50 and RMSSD (which is the rescaled SD1 and thus identical in
interpretation with it) were only partially related to age—these are correlated with age
only for children up to 10 years old—Ilater, this relationship is no longer significant
100,107.110.114 'The control of the cardiac ANS seems already to be compatible with that in
adulthood before approximately 10 years '%°. Although both HF and RMSSD (or SD1)
come from different methods, in general they describe similar physiological phenomena
of short-term or high frequency HRV 783119120 and according to the previous reports we
may conclude that the association between age and the measures of fast oscillations

influences on HRV are either weakly or not at all correlated with the age of healthy

children.

Influence of sex on heart rate variability

The sympathetic and parasympathetic performance of ANS varies in male and female,
which results in the sex-based difference in HRV, and this variation is said to begin during
adolescence '?! and decrease by the age of 50 7-%3. However, as showed in Table 6, data
about the influence of sex in HRV parameters are contradictory.

Some authors indicate that females have significantly lower LF nu and higher HF nu in
the adolescent and adult groups, while the ratios are almost similar in the extremes of
age—children and postmenopausal women—emphasizing the important role of female
sex hormones in cardiac autonomic modulation. This supports the hypothesis that lower

sympathetic activity in females compared to males may contribute to their reduced risk
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of cardiovascular disease, with estrogen potentially acting as a protective factor through

direct or indirect effects on the electrical properties of the sinus node or chronic

developmental differences in sinus node function !'122, However, other authors report

that boys exhibit significantly higher HRV, while some present the opposite findings, and

others reveal no association between HRV and the sex of children (Table 6).

Table 6. Influence of sex on HRV.

Authors

Characteristics

Main findings

Goto et al.’,
1997

Umetani et al.
% 1998

Silvetti et al.
1002001

Galeev et al.
106 2002

Fukuba et al.
1092009

Cysarz et al.
10 2011

Moodithaya et
al. 11,2012

25 healthy boys and 35 healthy
girls between 3 to 15 years old.
24-h HRV of 260 healthy subjects
(10 to 99 years old; 112 males, 148
females). 30 children up to 19 years
old. For the analysis of sex effects,
these children were combined with
adults up to 29 years old.

24-h ambulatory Holter monitoring
of 103 (46 females) healthy
children and adolescents.

Cardiac rhythmograms of 5400
healthy schoolchildren between 6-
to 16- years

48 boys between 8 and 14 years old
and 88 girls between 8 and 20 years
old who were asked to breathe
periodically at a rate of 15
breaths/min. 3-min ECGs.

24-h ECG Holter recordings in 409
healthy (220 female) children,
adolescents and young adults in the
age range between one and 22
years.

267 healthy volunteers at supine
resting condition (126 males)
between the age group of 6-55
years [60 children (6-11 years) and
66 adolescents (12-16 years)].
Short-term  frequency  domain
analysis of HRV was analyzed.

No significant differences by sex in any of the
studied HRV indices.

HRYV was significantly lower in “young” (10 to
29 years old) female subjects than in age-
matched male subjects. Sex differences
subsequently decreased and then disappeared
with aging. All HRV parameters were lower in
women under 30 years of age, but this difference
diminished with age and disappeared entirely
after the age of 50.

Males showed SDNN and SDANN values
significantly higher than females while for
RMSSD, pNNS50 there were no significant
differences between sexes.

SDNN was significantly higher in boys from 12
to 14 years old children. TP was significantly
higher in boys in the age interval 11-15 years
old, VLF was larger in boys in the age 13—15
years but lower for 12 years old. Sex differences
in LF and HF were present for children in the
age between 15 years but in changing patterns,
(these parameters were higher in boys, then in
girls, and then again in boys). LF/HF was larger
in boys than in girls between 12 and 15 years
old. No differences between 16-year-old boys
and girls in all HRV parameters of were found.
No sex differences were found in HF, TP and
LF/HF.

SDNN and all spectral measures of HRV were
significantly lower in girls and young women
than in boys and young men.

HF nu and HF/LF were significantly higher and
LF nu was lower in female in the adolescents
and young adult age (20-40 years) groups.
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Table 6. Influence of sex on HRV (continued).

Authors

Characteristics

Main findings

Michels et al.
1122013

Seppila et al.
1252014

Gasior et al.
1142015

and
124
b

Koenig
Thayer
2016
Jarrin et al. %,
2015

Bobkowski et
al 12,2017

Shvartz et al.
1152025

460 children in the age between 5
and 10 years old. 5-min ECG
segments.

465 mainly prepubertal children
with 6 to 8 years of age. Resting
ECGs of 1- and 5-min duration.

Resting ECG in 158 boys and 173
girls in age between 6 and 13 years
old and selected 5-min segments.

Meta-analysis looking into
influence of gender on HRV, 63
612 participants (31 970 females)
were studied.

1,036 children (481 boys and 555
girls) with 9 to 11 years old.

24-h ECGs between 100 healthy
girls and boys aged 3-18 years.

5-min ECG of 22468 healthy
children ranging 5.5-12.5 years of
age. The data were grouped by age
and gender.

Mean RR interval, SDNN, RMSSD, pNN50, the
powers of VLF, LF, and HF were significantly
larger in boys than in girls, but there was no
significant difference in any of the relative
measures of spectral HRV indices (LF/HF, LF
nu, HF nu).

No significant difference was found between
girls and boys in the studied HRV parameters
(mean RR, SDNN, RMSSD, pNN50, HRV
triangular index, TINN, LF peak, HF peak, LF
power, HF power, LF/HF, Poincaré SDI,
Poincaré SD2, Poincaré SD1/SD2, SampEn,
DFA al, DFA a2, D2).

Boys presented significantly higher HRV values
(SDNN, RMSSD, pNN50, TP, LF, and HF) but
lower HR. However, in the linear multiple
regression analysis adjusted for sex, all HRV
parameters were significantly related to HR but
not sex of the children. This suggests that if
there are any sex differences in HRV in children
they are rather an effect of HR than the sex itself.
Females had a significantly lower mean RR
interval, SDNN, TP, LF power, LF/HF ratio but
higher HF power.

Boys had significantly higher values of time and
spectral HRV parameters except for LF/HF
which appeared to be lower. However, the
analysis of mean values of these parameters and
their standard deviations shows that the
differences in the means were rather small.

No differences in HRV parameters (neither from
the spectral analysis by Lomb-Scargle method
nor Poincaré plots). No influence of the
interaction between age and children’s gender
on the studied HRV parameters.

Parameters characterizing the activity of the
peripheral nervous system were significantly higher
in boys than in girls across all age groups.

Studies such as Jarrin et al. ' and Galeev et al. '?’ raise a question whether all statistically
significant differences are clinically relevant? Whether, in fact, the small differences in
the values of HRV measures are statistically different because of the mass effect, i.e.,

large sample sizes influencing p-value '28,

48



1.3.3 Heart rate variability in various diseases

Many studies found that pathological conditions (such as inflammation and infection)

decrease the HRV 129:130

31 present data to further support the notion that intrinsic

Badke and colleagues
physiologic variability is also an important part of life. Using data from two observational
cohorts of critically ill children from a single institution, the authors demonstrated that
lower median age-normalized HRV in the 12-hour period prior to biomarker collection
was associated with higher levels of the pro-inflammatory cytokines IL-6, IL-8, and CRP.
Although there was not an association with the earlier, more hyperacute cytokines IL.-1(
or tumor necrosis factor (TNF)-a, the correlation of HRV with IL-6 persisted after
adjusting for illness severity using PRISM-III and the correlation with CRP persisted after
adjusting for both PRISM-III and age '3'-132,

The HRYV is reduced in myocardial infarction (MI) '*3135 | myocardial dysfunction !3¢

usually in congestive heart-failure '*7, post-cardiac transplant '3%, depression 139140, 141,142

14 145

fetal distress 43, hypertension ', diabetic neuropathy !4, autonomic dysfunction

148 in relation to

(anxiety, asthma) 3%140) tetraplegia %6, sepsis !4, liver cirrhosis
premature babies and sudden infant death syndrome (SIDS) !3%140, and all cause-
mortality %130, HRV assessment after myocardial infarction is one of the first and most
widely used applications of the method. It could provide important information about
sympathetic predominance and impaired vagal control on the heart after myocardial
infarction, which are strong predictors of survival, and the risk of thythm and conductive
disorders associated with sudden cardiac death '*!. Low HRV can be found in patients

152-154 GQeveral lines of

with severe coronary artery disease and congestive heart failure
evidence indicate that low HRV may be associated with increased cardiovascular disease-

related morbidity and mortality. Decreased HRV has been found to be a potent predictor
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of cardiac mortality after acute myocardial infarction, independent of ventricular
function, ventricular ectopic activity, heart rate, and other previously identified
prognostic indicators '3-138, Bigger et al°® found that power spectral measures of HRV
were predictors of all-cause, cardiac, and arrhythmic mortality and sudden death ''8.
HRYV occurs inversely to clinical severity and prognosis. The difficulty of introducing

ANS monitoring in the daily practice of intensive care units is due to the limitation of its
use as a prognostic tool and, above all, to the difficulties involved in continuous and
dynamic monitoring and in the interpretation and applicability of its results. Successful
implementation depends on HRV monitoring going from a prognostic tool to a real-time
monitoring instrument to be useful in therapeutic guidance; for example, as a guide for
fluid therapy through analysis of the HF component and for treatment with vasoactive

amines through analysis of the LF/HF ratio '%°.

1.3.4 Influence of drugs on heart rate variability

Different drugs might influence HRV parameters, but often the evidence is conflicting.
Beta blockers are mentioned most frequently '7*°, but in most studies, individuals taking
beta blockers are excluded, analyzed separately or included into the statistical model.
Interestingly, drugs that would be expected to have profound effects on the ANS such as
catecholamines have also been shown to have variable effects on HRV !0, A systematic
review reported three studies that did not show any association between HRV parameters
and vasopressor requirement or administration of exogenous catecholamines '®!. Despite
no finding of an association, the authors highlighted that most of studies failed to report
the administration of cardiovascular drugs, vasopressors or catecholamines and had
limited ability to draw any conclusions regarding the potential effects on HRV 38161,

An overview of some drugs and its effects on HRV is given in Table 7 %°.
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Table 7. Effects of some drugs on HRV.

Drugs

Effect

Reference

Catecolamines

Anesthesiological Drugs
Fentanyl

Midazolam

Propofol

Thiopental

Proton-Pump Inhibitors
Spironolactone

No association between HRV parameters and
vasopressor requirement or administration of exogenous
catecholamines.

Infusion of noradrenaline and adrenaline did not induce
changes in frequency-domain values of short-term HRV.
Adrenaline and high plasma concentrations of
noradrenaline were accompanied by low HRV.

No effects on frequency-domain variables were
detected.

It decreased absolute TP and LF, not HF. No effect on
normalized measurements of LF, HF, and LF/HF ratio.
1 ug/kg decreases LF nu without increases of HF nu, in
addition to decrease of TP.

Slight depression of HF and LF and unchanged LF/HF
ratio.

Depression of HF in deep-sedated ICU patients.
Decreased LF, MF, and HF, LF to a lesser extent than
the latter two.

Decreased TP and HF and increased LF/HF ratio.
Absolute TP and HF decreased.

Decreased TP and HF and increased LF/HF ratio.
Absolute TP, HF, and LF decreased. LF nu increased,
and HF nu decreased. Increase of LF/HF ratio.

Use of esomeprazole did not induce changes in HRV.
Increased time-domain parameters

of HRV.

Reduced HRV in diabetic patients (RMSSD, LF, and
HF).

Karmali et al.'®!
Rajendra et al.®®

Tulen et al. 62

Breuer et al.'®
Kienze et al.!**

Galletly et al.'®
Riznyk et al. 1%
Vettorello et al. 1¢7
Michaloudis et al. '8
Unoki et al. ¢
Galletly et al. '
Howell et al. '7°
Riznyk et al.'®®
Howell et al.'”®

Riznyk et al. 1%

Yietal '
MacFadyen et al.'”

Davies et al. 17

Most agents used for induction of anesthesia, with the exceptions of ketamine and

etomidate, result in a decrease in HRV 74 Kanaya et al. !” studied thirty patients

randomly allocated into the propofol or sevoflurane for induction of anesthesia. The depth

of hypnosis was monitored by the Bispectral Index (BIS). They found that induction of

anesthesia with propofol decrease BP, entropy, and HF in a BIS-dependent manner,

indicating that propofol reduces cardiac parasympathetic tone depending on the depth of

hypnosis. Conversely, sevoflurane did not show the BIS-dependent decreases in heart

rate, blood pressure, HF, and entropy, indicating that sevoflurane has little or no effect on

cardiac parasympathetic tone.
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1.3.5 Heart rate variability in intensive care

It is very common to see autonomic dysfunction in ICU patients with a severe brain
injury, systemic infection, organ failure, neurological illness (e.g., Guillain—Barré
syndrome), cardiovascular disease (myocardial infarction) and more. Research indicates
that HRV can be used as a biomarker to assist a physician in the ICU in making clinical
decisions *. Bento et al.'* and Karmali et al.'®' conducted systematic reviews examining
the use of ANS monitoring as a prognostic tool in adult intensive care units (ICUs), with
a focus on HRV. They concluded that HRV is inversely correlated with clinical severity
and prognosis in ICU patients, regardless of their underlying pathology. Specific findings

are summarized in Table 8 1%,

Table 8. Characteristics of the selected studies of ANS monitoring as a prognostic tool in adult intensive
care units.

Author

Characteristics

Evaluated outcomes

Results

Winchell et al. ~ Prospective cohort study. Mortality The relative risk of death in patients
1761996 General ICU population. with low HRV was 7.4, with an
N="742 increased HF/LF ratio of 4.55.

Winchell et al.

Retrospective cohort study.

In-hospital mortality and

Low HRV was associated with

1771997 Patients with severe head probability of discharge increased mortality, patients with a
trauma. home. predominance of SNS activity and
N=280 CPP and ICP. with a low HF/LF ratio had improved
survival.
Yien et al. '8, Prospective cohort study. Mortality Deceased patients had decreased

1997

Haji-Michael
etal. 7%, 2000

Rapenne et al.
1302001

General population admitted
for noncardiac causes. N =
52.

Prospective cohort study.
Neurosurgical patients.
N=29

Prospective cohort study.
Severe head trauma. N = 20.

3-month outcome

Brain death.

Neurological recovery.

VLF and LF power.

Patients who died had decreased
HRV, LF/HF ratio and baroreflex
sensitivity.

On the first post-trauma day, an
increase in the parasympathetic tone
(RMSSD and TP) may be associated
with imminent brain death.

Grogan et al. Retrospective cohort study. ICU mortality. Patients with loss of heart rate

1812004 Trauma patients admitted to volatility during the first 24 hours of
the ICU. N =923. hospitalization have a  higher

probability of death.

Gujjar et al. Prospective cohort study. ICU mortality LFn was an independent predictor of

182 2004 Acute stroke. survival, with a regression coefficient
N=25 of'-6.73 and an OR of 0.002.

Papaioannou Prospective cohort study. ICU mortality The minimum ApEn value correlated

etal. '%%,2006  General ICU population. with mortality (r = 0.41; p=0.01)
N=33
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Table 8. Characteristics of the selected studies of ANS monitoring as a prognostic tool in adult intensive
care units (continued).

Author Characteristics Evaluated outcomes Results
Mowery etal.  Retrospective cohort study. High ICP and mortality. ~ There is a relationship between
1842008 Patients with head trauma percentage of ICP rise and cardiac

Norris et al.
185 2008

Papaioannou

et al. '8, 2008

Schmidt et al.
187 2008

Riordan et al
188 2009

Kahraman et
al.'®, 2010

Kasaoka et
al.'®%, 2010

Pfeifer et al.
1912011

Chen et al.'*?,
2012

Gomez Duque
etal.!”?, 2012

Brown et al.
194 2013

Green et al.!*,
2013

Bradley et
al.!?, 2013

Hammash et
al.'”’?, 2015

Nagaraj et
al.'8, 2016

and ICP monitoring. N =
145.

Retrospective cohort study.
Trauma patients admitted to
the ICU. N =285.
Prospective cohort study.
Head trauma. N = 20.

Prospective cohort study.
Multiple organ dysfunction
syndrome (MODS). N = 90.

Retrospective cohort study.
Multiple trauma patients
admitted to the ICU.
N=2178.

Prospective cohort study.
Patients admitted to the ICU
with head trauma and ICP
monitoring. N = 25.

Prospective cohort study.
Patients admitted to the ICU
with systemic inflammatory
response syndrome. N = 10.
Prospective cohort study.
Patients admitted to the ICU
after cardiac arrest,
subjected to therapeutic
hypothermia. N = 18.

Case—control study with
patients with sepsis and out
of hospital cardiac arrest.
N=210.

Prospective cohort study.
Patients admitted to the ICU
with sepsis. N = 100.

Prospective cohort study.
Patients admitted to the ICU
with sepsis. N = 48.

Prospective cohort study.
Patients admitted to the ICU
with MODS. N = 33.
Prospective cohort study.
Patients admitted to the ICU
with mixed etiology. N =33.
Prospective cohort study.
Patients in the ICU that
started weaning. N = 35.

Retrospective analysis case
series not specified. N = 40.

In-hospital mortality.

Neurological dysfunction
and ICU mortality.

Analysis of survival at

180 and 365 days.

Risk of death in the
subgroups  based on
trauma location and
mechanism  and  on

probability of survival.

Capacity to predict ICP,
cerebral hypoperfusion,
in-hospital mortality or
functional outcome.

To trial a real-time HRV
measurement and

analysis system.

28-day mortality.

Compare HRV between
post-resuscitation cardiac

arrest  patients  and
patients  with  severe
sepsis.

Investigate the incidence
of cardiovascular adverse
events in patients with

sepsis.
Assess if HRV can
predict vasopressor

dependence at 24 hours.

Association of HRV and
illness  severity  in
MODS.

Impact of sedation and
sedation interruptions on
HRV.

Relationship ~ between
HRV and incidence of
dysrhythmias during
weaning.

Assess if sedation levels
can be classified by HRV
algorithms.

decoupling with mortality.

There was a decrease in HRV in
deceased patients.

Reduced HRV, baroreflex sensitivity
and sustained LF/HF ratio reduction
were associated with increased
mortality,

Natural logarithm of VLF with a
cutoff point of 3.9 was a strong
predictor of 28-day and 2-month
mortality in patients with MODS.
Decreased multiscale entropy; was
significantly associated with
increased mortality, being an
independent factor of probability of
survival in the multivariate analysis,
with OR 0.87 - 0.94.

Integer HRV can predict in-hospital
mortality, with a sensitivity of 67%
and a specificity of 91-100%.

LF, HF and LF/HF higher in patients
spontaneously breathing compared
to mechanical ventilation.

There was a more pronounced
reduction in HRV immediately after
the rewarming phase in patients who
died compared with survivors
(SDNN 10.9 versus 40.2, Shannon
entropy 2.2 versus 3.7).

No significant differences in HRV
indices. Low LF, LF nu, LF/HF
associated with mortality.

Deceased patients demonstrated
lower SDNN than survivors.

Traditional HRV  indices not
associated with vasopressor
requirement after controlling for HR.

Low LF nu and LF/HF associated
with increased MODS.

SDNN, RMSSD and HF all increased
during sedation interruption (more
pronounced in less unwell patients).
LF was higher during spontaneous
breathing than during controlled
mechanical ventilation.

Algorithms using composite
measures of HRV may discriminate
between levels of sedation in ICU
patients.




Patients admitted to ICUs are permanently monitored for temperature, oxygen saturation,
respiration, urinary output and ECG. These parameters are most of the time only
monitored while setting alarm ranges, to trigger the corresponding alarm for any deviation
from the normal range. However, many of these variables are controlled by the ANS,
which can be affected by several pathological processes and/or drugs. The overall
accuracy of HRV to predict outcome within the ICU may simplitfy workflow and enable
prompt response to any clinical status change, while all these parameters can be
automatically extracted from raw physiological signals that are already routinely
monitored '*°. Multiple studies performed on trauma patients confirmed a correlation
200-202

between low HRV and short-term poor prognosis

HRV measurement was also demonstrated to be effective during ventilatory weaning

203,204 206,207

, acute stroke 2%, delirium prediction , and pain management 2°82% 1n 2017 in
a multicenter randomized trial of 70 ICU patients, Nagaraj et al. studied the possibility of
a customized algorithm based on HRV measure to manage patient sedation 2!°. They
modified HRV measurement according to sedation level, thus establishing a new
framework for patient sedation management to limit the harmful effect of a deep sedation.
When considering the available variables for HRV analysis, several characteristics may
be extracted, either in the temporal, frequency or fractal domain. While simpler to
compute than other parameters, the temporal domain characteristics of the cardiac rhythm
do not necessarily indicate whether a change in HRV had been caused by the sympathetic
or the para-sympathetic system. Frequency domain analyses seem to be better equipped
than temporal domain to discriminate the individual contribution of the
sympathetic/parasympathetic systems, as they manifest themselves in two non-

overlapping frequency bands (LF, HF), and considering these arguments, the LF/HF ratio

has gained a wide acceptance as a tool to assess cardiovascular autonomic regulation.
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However, the LF peak of the heart rate power spectrum which is often assumed to have a
dominant sympathetic component (the HF peak reflecting the cardiac parasympathetic
nerve activity), is complex to evaluate as it may at least be modified by various stimulus
211213

and medications

It is also established that increases in respiratory frequency reduce the amplitude of heart

1 214,215

rate oscillations 2!'* while increases in tidal or static lung volume 26 provoke
increases in the R—R interval variability; the influence of mechanical ventilation within
the ICU may therefore have a major influence on HRV variation in such environment.
Considering such frequently under-appreciated limitations, HRV frequency domain
evaluation may rather reflect a complex and not easily discernible mix of sympathetic,
parasympathetic, but also the impact of other unidentified factors 32. Despite all these
limitation, lower LF/HF ratios on admission were significantly associated to a lesser
outcome within adult ICU population.

The VLF peak is a third part of the frequency spectrum that has been less evaluated, but
that seems to be associated to prognosis in various pathologies, such as during congestive
heart failure 2!7. Considering that the R-R intervals are non-linear, it is also needed to
measure it using non-linear methods. In other ways, nonlinear methods are used to
observe regularity, predictability, and complexity in the time series while considering the
impact of several interventions and the influence pathological processes.

The concept of complexity is different from variability, but no consensus definition of
what complexity includes do exist. It is often used to characterize the behavior of a non-
linear system that contains many parts that interact with other in highly different ways;
two signals can have the same degree of variability (i.e., same variance and coefficient of

variation), but different complexity properties. Complexity may be approached by the

means of entropy measurements or by the Poincaré plot analysis. No single measure is
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sufficient to capture the properties of the most complex signals; instead, an ensemble of
measures is required to probe signals of interest for different attributes.

Critically ill patients’ care and decision-making is complex, involving interpretation of
many variables and comparative evaluation of various therapy options. Many critical care
indices are not captured automatically, and relevant data are thus difficult to evaluate,
especially while considering human factors like vigilance in a constraint environment,
varying expertise of the attending physicians, and the constant need to deal with a high-
level of uncertainty under time-constraints. The lack of standardization for the different
methods of HRV measurements in the critical care setting may also require specific
attention, thus requiring adequate parameters selections that would consider either
technical consideration, but also patients’ complexity and the potential impact of several
pathological processes and therapeutic interventions as mentioned earlier '°°. Bodenes et
al. 1 recorded plethysmogram (PPG) tracings from 540 consecutive adult patients at 75
Hz using a standard monitoring system for a 2-hour period during the first 24 hours
following ICU admission. They observed that lower LF/HF ratios, Poincaré SD2/SD1
ratios, and Shannon entropy values at admission were associated with higher ICU
mortality.

In multivariate analysis, LF/HF and Shannon entropy were independently correlated with
mortality. The team employed a machine learning model utilizing a k-Nearest Neighbors
algorithm and developed a simple decision tree based on the three most significant
predictors: SDNN, Shannon entropy, and the Poincaré SD2/SD1 ratio. They concluded
that HRV measured upon admission can predict ICU and Day-28 outcomes, regardless

of the admission diagnosis, treatment, or need for mechanical ventilation.
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1.3.6 Blood pressure and heart rate variability

There are three major systems involved in the regulation of BP, the ANS, the renal
system, and the endocrine system 2!821°, The SNS regulates arterial BP by functionally
influencing the vasculature, kidney, and heart. Indeed, altered sympathetic function is
firmly established in the development, maintenance, and pathophysiology of numerous

cardiovascular diseases including hypertension 22022!

. Sympathetic hyperactivity in
human hypertension has been revealed through elevated NE spillover, increased muscle
sympathetic nerve activity via microneurography, surgical sympathectomy, and greater
depressor responses to acute ganglionic blockade. Notably, some antihypertensive
pharmacotherapies lower BP by targeting the SNS 22222 Recent advances regarding the
role of the SNS in hypertension have focused on brain pathways or associated signaling
mechanisms that increase or decrease BP ?2°. Population-based studies have reported
reduced HRV in patients with long-term arterial hypertension, despite treatment with
antihypertensive drugs. In the ARIC study '*4, decreased HRV was observed in the
hypertensive population, and even in normotensive population low HRV predicted
hypertension after a follow-up of nine years. Pal et al. 22 suggested that spectral analysis
of HRV, performed through regular screening from early stages of life, could be used as
a predictive tool for autonomic dysfunction. This is based on the observation of ANS
imbalance, characterized by increased sympathetic activity and reduced vagal activity, in
individuals with risk factors for essential hypertension who later develop the condition.

Mussalo et al. 22° showed that the severity of essential hypertension was related to the
severity of impairment of cardiac autonomic control measured by time and frequency
domain analysis of HRV. HRV is strongly decreased in patients with arterial hypertension
induced left ventricle hypertrophy, which can be explained by the impaired baroreflex

sensitivity in this pathological condition 33!, Hypertension is reported to be associated
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with SNS overactivity 226227 | During a 9% decrease in arterial pressure obtained with
intravenous (IV) nitroglycerin, there was a marked increase in LF, because of reflex
sympathetic activation 2?8, Normotensive subjects with family history of hypertension
have greater sympathetic activity and early parasympathetic attenuation 22°23!, In recent
years, many researchers have studied the feasibility of an HRV analysis as a marker for

hypertension detection (Table 9) 3.

Table 9. Selected recent articles on an HRV analysis for hypertension detection.

Author, Year HRYV methods use Inferences

Ni et al. Time-domain and The study proposed a method that can distinguish hypertensive

2322018 frequency-domain methods,  patients from healthy controls with 93.33% accuracy when
entropy features tested on 24 hypertensive patients and 24 healthy controls.

Lan et al. Time-domain and HRYV analysis can predict hypertension at an early stage. SDNN

2332018 frequency-domain method.  has the best predictive power.

Martinez et al. Non-linear methods The study indicated that hypertensive and diabetic subjects

2342018 exhibited reduced SDI (calculated using Poincaré plot) and

Shannon entropy than non-hypertensive diabetic patients.

Poddar et al. Time-domain, frequency- The study proposed an SVM classifier that could achieve a

2352019 domain, and non-linear classification accuracy of 96.67% for the healthy volunteers and
methods hypertension and coronary artery disease classes.

1.3.7 Heart rate and heart rate variability

HR significantly impacts HRV in pediatric population and turns out to be the strongest
determinant of all standard HRV indices 43¢, HRV varies with HR, however, HR
accounts for less than 30% of the variance 2*7. Different approaches to analyzing HRV

signals may exhibit varying behaviors when applied to individuals with differences in HR

36.

- Time-Domain Analysis: In subjects with tachycardia, shorter RR intervals can
result in reduced variability between consecutive intervals, potentially
affecting time-domain measures such as the SDNN and RMSSD. In subjects
with bradycardia, longer RR intervals might lead to increased variability,

potentially influencing the same time-domain measures. Geometric methods,
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like the triangular index, might be sensitive to the distribution of RR intervals,
which can differ in tachycardia and bradycardia. They might need
normalization or transformation to account for such differences .

- Frequency-Domain Analysis: In subjects with tachycardia, the faster HR can
lead to HF power dominating the spectrum potentially obscuring the
interpretation of LF and HF components. In subjects with bradycardia, the
opposite might occur, making frequency-domain interpretation more
straightforward.

- Non-linear Analysis: Non-linear HRV analysis methods, such as Poincaré
plots and fractal analyses, might be affected by the irregularity of the HR in

tachycardia and the extended RR intervals in bradycardia. These methods

might need adjustments or specific considerations for accurate interpretation.

There is some contradictory data about the relation between HR and HRV. Some authors
found a significative inverse correlation between HRV measures and HR itself 133238,
While others 23° concluded that there is no relation between these parameters. HR
dependence of the HRV was augmented by a sympatholytic drug and depressed by a high
dose of atropine 238, This result corresponds well with that of La Rovere et al. 24 who
found a high correlation between the mean RR and the RMSSD, which is strictly related
to vagal activity. It seems that the vagal influences determine not only the HR itself, but
also the extent of the inverse correlation of the HRV and HR. In contrast with this,
sympathetic innervation may depress this relation 23%. Some authors concluded that
depressed HRV observed in tachycardiac patients with sympathetic overactivity
originates primarily from the autonomic imbalance itself rather than the accelerated HR
238 This effect is known as cycle length dependence 241242, The lower the HR, the greater

the HRV 2%, Different authors have noted that HRV indices are highly dependent on
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values of the HR and that the relationships between them are nonlinear, possibly
introducing limitations for the use of HRV indices if not appropriately corrected 236243,
Rather than being a pure marker of cardiac ANS activity, HRV is primarily dependent on
HR, with HRV increasing when the R-R interval increases (when HR slows) and
decreasing when the R-R interval decreases (when HR quickens) 2**. HRV is a nonlinear
measure of HR and, therefore, the higher morbidity and mortality associated with a
decrease in HRV is likely to be the result of the concurrent increase in HR. Different
mathematical corrections have been proposed, but there remain several concerns about
their utility, justifications for their use, and doubts about the eftect of the removal on the
corrected values 236244245 Sacha et al. 26251 have noted the nonlinear relationship
between HR and HRV, and its effects on the inferences derived from investigations of
non-corrected procedures to eliminate the bias. These authors also proposed and assessed

247,248,25

the effects of mathematical correcting methods 0-252 that were also applied and

253256 The correcting procedures

analyzed by other authors in different investigations
proposed by Sacha et al. consisted of the multiplication or division of HRV indices by
the mean RR average, or by the mean RR index to the powers from two to 16. Tsuji et al
150.257 studied HRV (SDNN) in 736 human subjects enrolled in the Framingham study,
finding that HRV was correlated with the HR. However, they 237 showed that age was an
independent factor determining HRV, with HRV being lower in older subjects for a given
HR. They were able to separate age from HR, because of the large number of subjects
investigated. If it is assumed that HRV is primarily the result of fluctuations in ANS
activity in the conscious human, the study of Tsuji et al suggests a decrease in ANS
activity with age 27. Studies concerning HRV should rigorously and openly correct for

differences in HR before drawing conclusions 2**. When HRYV is not HR corrected, there

is a sharp increase between birth and adolescence %28, However, this increase is
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connected to HR, which is strongly age-dependent in the young 2*°. After HR correction,
SDNNc and RMSSDc decrease continuously from birth to adolescence, and further into
higher ages. Gasior et al.!'* studied 346 healthy children aged 6-13 and found that
normalized HRV (adjusted for HR) decreases with age, accompanied by a reduction in
average HR (longer R-R intervals). Despite this, standard HRV (unadjusted for HR)
remains constant across ages. Younger children with higher HR exhibit greater
normalized HRV, while older children with lower HR show reduced normalized HRV.
They concluded that HR significantly influences HRV and is the strongest independent
determinant of standard HRV indices. Normalizing HRV reveals its decline with age,
alongside reduced HR. Van den Berg et al. ', studied 13,943 ECGs of cardiovascular
healthy participants with ages ranged from 11 days to 91 years. Normal limits have been
established for HR corrected SDNN and RMSSD, derived from 10-s ECGs, using a
consistent and automatic methodology for all ages and both sexes. HR correction
formulas were derived using an exponential model and analyzed two time-domain HRV
markers: the corrected standard deviation of the normal-to-normal RR intervals (SDNNc)
and corrected root mean square of successive RR-interval differences (RMSSDc). There
was a considerable age effect. For both SDNNc and RMSSDc, the median and the lower
limit of normal decreased steadily from birth until old age. The upper limit of normal
decreased until the age of 60 but increased markedly after that age. Their coverage of the
pediatric population allows age-specific comparisons of HRV of the pediatric ECGs,
from birth to puberty, independent of the rapid change in HR in this period of life. The
marked difference between the corrected and uncorrected HRV markers in infancy and
adolescence can be explained by the strong age-dependence of HR in children. The lower
the age, the higher the average HR, and thus the larger the difference between corrected

and uncorrected HRV markers. Since average HR in middle-aged and elderly people are
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constant (65—70 beats per minute), the correction factor in the correction formulas is also
constant (e.g., for SDNN 1.12 for 65 bpm and 1.25 for 70 bpm). As a result, the corrected
values for these age groups, on average, differ from the uncorrected by a small, constant
factor. When HRV is not HR corrected, there is a sharp increase between birth and
adolescence '90:192.258 However, this increase is connected to HR, which is strongly age-
dependent in the young %°. After HR correction, SDNN¢ and RMSSDc decrease
continuously from birth to adolescence, and further into higher ages. Using these normal

values, both researchers 102114

and clinicians have a tool to decide upon cut-off values of
HRV. HR and HRV are influenced by a variety of modifiable and non-modifiable factors
(Table 10), including uncontrollable physiological factors, diseases, lifestyle choices, and

external influences, independent of acute stress 26,

Table 10. Factors influencing HR and HRV 2°!,

Influencing Effect on HR Effect on HRV
factor

Non-influenceable physiological factors

Age HR normally decrease with increase in age >, HRV increases sharply in the first year of life, then
increases until the age of 15 2% is highest in young
adulthood and falls non-linearly with age 2274,

Circadian The HR follows a circadian rhythm, with a fall The HR follows a circadian rhythm, but the HRV is
rhythm/time of the ~ of HR at night 2. decreased at night due to the predominance of the
day parasympathetic activity and reduced during the day

because of the predominance of the sympathetic activity
276

Genetic HRV appears to vary between members of different
ethnic backgrounds *"7 .

Biological sex The HR is normally higher in women than in  Most of the studies showed a higher parasympathetic

men 78, activity in women as compared to men 2** which

however showed a narrower difference after the age of
50 264,274,285

Some of the studies showed a higher baseline
sympathetic activity in women **-265286.287,

Diseases
Cardiovascular Cardiac insufficiency leads to a raised HR *  Cardiac insufficiency generally leads to a reduction in
diseases and unrestricted maximum HR. the HRV 288293294,
In patients with previous myocardial infarction, ~ With hypertension, HRV is usually reduced "%,
the activation of the sympathetic nervous
system often leads to an increase in the HR,
which is important for the prognosis %%2,
Metabolic Diabetes mellitus is often associated with The HRV is often reduced in patients with diabetes
disorders increased sympathetic activity mellitus 2772% however, a correlation between the
and hence a raised HR 2. value of the HRV and the duration of the diabetes exists
especially in cases of badly controlled diabetes *°'. A
metabolic syndrome often leads to a reduction of the
HRV "2 this is particularly evident in women **,
Pain Pain usually rises HR. In chronic pain, HRV is usually reduced **.
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Table 10. Factors influencing HR and HRV (continued).

Influencing
factor

Effect on HR

Effect on HRV

Influenceable lifestyle factors

Body fat/body  Increased body mass index (BMI) generally Increased body mass index (BMI) and increased mass of
weight leads to a raised HR *!°, which can be partly  body fat often cause a fall in the HRV '3,

explained by the stimulating effect of leptin on

central sympathetic neurons 3''!2,
Stress/mental Stress (mental, workplace related) generally  Stress (mental, workplace related) generally leads to
tension leads to an increase decreased parasympathetic activity and thus to a

in the HR 337,

reduction in the HRV3!3317-321

External factors

Breathing During inspiration there is a short-term increase  The effects of respiration on HRV are reflected in the
in HR, during expiration form of respiratory sinus arrhythmia (RSA) and is seen
there is a short-term decrease in HR **>°23 This  in the HF band. Overall, the HRV parameter, RMSSD,
is essentially due to pulmonary afferents from  does not seem to be affected by respiration .
stretch receptors and interactions from central ~ For the rest of the parameters, the present state of
respiratory neurons to the circulatory center in  knowledge is not conclusive 23326,
the medulla oblongata.

Cold, low In men, low ambient temperatures usually lead  Only few studies about the effects of low temperatures

temperatures to a decrease in HR both at rest and during on HRV are currently available: a reduction in the
exercise, while in women there is no decrease  sympathetic activity and thus a raised HRV has been
in HR, but rather a slight increase in HR *%". observed 2, while long-term exposure to cold, including

in winter months or occupational exposure to cold, no
influence on HRV could be shown 3253%,

Heat, high  High environmental temperatures lead to an  High environmental temperatures lead to an increase in

temperatures increase in the HR caused on the one hand by  the sympathetic activity and a reduced HRV 3%,
direct temperature etfects on the sinoatrial node
and on the other hand by the increase in
sympathetic activity because of the activation
of warm receptors 332,

Hypoxia Hypobaric hypoxia usually leads to short-term

sympathetic activation and long-term to a reduction in
HRV}}{}}S .
Noise Noise often causes a rise in the HR, caused by ~ Only few studies that give information about the effects
activation of sympathetic nerves **. of noise on HRV are available; HRV appears to fall in
the presence of noise 74,
Pharmacological Pharmacological drugs can have an increasing  Pharmacological drugs can have an increasing or
drugs or decreasing effect on HR . decreasing effect on HRV "7,

Adapted from Sammito et al. Guideline for the application of heart rate and heart rate variability in
occupational medicine and occupational health science. J Occup Med Toxicol 19, 15 (2024) 26!

1.3.8 Brain injury, autonomic nervous system and cardiovascular

system

Brain injury can be divided into two major causes: traumatic and non-traumatic. Whilst
a traumatic brain injury (TBI) is one of the major morbidity and mortality causes in
children worldwide 3*!, non-traumatic brain injury (NTBI), which includes insults such
as anoxia, vascular causes, brain tumors, central nervous system infections, toxic effects
of substances and metabolic encephalopathies, can lead to negative and long-lasting
consequences, particularly in the pediatric population, since they are in a critical period

of neurodevelopment 3*2. Traumatic brain injury, which is associated with autonomic



dysfunction and corresponds to 40% of deaths in American children under 1 year of age
101 'is the main cause of traumatic death 343344, Despite the vast experience and research
in this field, the determinants of its occurrence in children are still not well defined. While
BI is an important killer of our youth, survival is often accompanied with permanent
neurological sequalae resulting in substantial impact to the survivors and their families.
It is, therefore, essential to prognosticate Bl accurately to mitigate secondary brain injury
and optimize outcomes 3*. Despite early and aggressive management, there remain times
when survival is unlikely. Accurate prediction of outcomes in pediatric BI patients is
needed to guide clinicians towards aggressive interventions and/or end-of-life
discussions. Although previous attempts to develop accurate prognostic models for BI

have been insufficient, several variables associated with poor outcome in pediatric Bl

have been identified including lower initial Glasgow Coma Scale (GCS) score 3467348,

S 349-353

lower motor GC absent or sluggish pupillary response 348-330:352-355 hypotension

357,358 359-

348-350.356 hyperglycemia coagulopathy 337361 hypernatremia 3*® basal skull fracture

351333 "subarachnoid hemorrhage 33°3%, cerebral edema 33'-362 ischemia 339331353 midline

shift 33 blood transfusion 3#°, and early onset of central diabetes insipidus 348330362 A]]
these outcome variables were determined with conventional statistical methods, and
therefore, are rarely informative on the individual level. Indeed, the methodologies

utilized limit their use in personalized medicine and the ability of health care providers to

prognosticate on individual patients.

The development of a novel clinical outcome prediction tool requires a more advanced
mathematical methodology that can integrate many complex and non-linear data points
to generate an accurate outcome prediction model that is highly discriminative and that

can be utilized with confidence for outcome prognostication of individual patients 34,
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In 2019, the Third Edition of the Brain Trauma Foundation (BTF) guidelines for hospital

d 393, Intracranial

care for severe pediatric traumatic brain injury (pTBI) was publishe
pressure (ICP) control was considered an outcome along with mortality. The authors,
while acknowledging that any conclusive demonstration that ICP-targeted therapy would
improve long-term outcome is lacking, recommend the inclusion of this outcome by
virtue of the high-quality evidence stemming from studies having ICP control as primary
endpoint. A high variability in locally used treatment protocols, particularly for topics
with limited evidence (e.g., ICP control) has been reported by both American and
European TBI centers 3. Thus, both stood as an integral part of TBI management despite

the lack of evidence with all centers unanimously reporting the use of an ICP threshold

of 20 mmHg 364,

Nevertheless, three new class III retrospective observational studies were added to the
evidence base for this topic. Apparently divergent recommendations were made on the
approach to temperature control depending on the considered outcome—either ICP control
or overall outcome. Prophylactic mild hypothermia—as a first-tier therapy for all severe
TBI cases is not recommended, while hypothermia has support as an option for second
tier use in the setting of refractory intracranial hypertension. This approach highlights
how effects of therapies on both ICP and long-term outcome can help guide provision of
care in TBI patients 3. Critical gaps in knowledge of pathophysiological differences
between children and adults concerning TBI outcomes, the paucity of pediatric trials and
the uncertain extrapolation of adult data to pediatrics demand collaborative research. As
prognostic models for TBI remain in their infancy, greater emphasis should be placed on
identifying reliable and predictive scores to monitor both the historical outcome, that is,
mortality and functional (assessed by GOS-E-Peds score) and cognitive outcome. BI can

induce catecholamine mediated and inflammatory responses leading to neurogenic
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stunned cardiomyopathy (NSC), characterized by left ventricular dysfunction, the
development of both hypertension and hypotension, arrhythmias, ischemia-like ECG
changes and, even the mild increase in serum biomarkers of cardiac injury 3%. These
abnormalities are usually reversible and caused by an “autonomic storm”, secondary to a
local excessive release of norepinephrine from the sympathetic nerve terminals in the
myocardium, resulting in severe changes in the patient's hemodynamics 3¢7. While
neurogenic cardiovascular dysfunction has been associated with a higher morbidity and
mortality 398, little is still known about which hemodynamic parameters can predict poor
outcome, its significance and no management thresholds have been well established in
the pediatric population. Changes in HR and arterial BP variability have been seen in BD
patients, compared with vegetative and normal patients and with themselves before BD
399 Table 11 summarizes some key studies exploring the relationship between HRV and
BI outcomes, including mortality, neurological recovery, and autonomic dysfunction. The
findings highlight the prognostic potential of HRV in various clinical contexts, ranging
from severe TBI to BD, and emphasize its utility in predicting outcomes and guiding

clinical decisions.

Table 11. Key Studies on HRV in Brain Injury and Mortality.

Authors Characteristics Main findings

Adults

Lowensohn et Ten patients with acute neurological Normal HR cyclic changes were diminished with severe
al. 37°, 1977 deficits. HR characteristics reflectthe  BI. HRV decreased rapidly as ICP rose, and the recovery

central nervous system's condition,
like patterns seen in fetuses.

20 patients with severe BI. They
compared HRV in patients who
progressed to BD with survivors; as
well as HRV in survivors with good
recovery (GCS >or= 10) to HRV in
those with worsened neurologic state.
Assessed HRV in 11 patients before
and one hour after brain death (BD).

Rapenne et
al.’7!, 2001

Conci et al 7,
2001
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rate of variability indicated neuronal function, even after
pressure normalization. HRV may reflect the central
nervous system's functional state in this context.

During the awaking period, global HRV and the
parasympathetic tone were significantly lower in the
worsened neurologic state group.

These findings suggest that HRV may be a helpful
predictor of imminent BD and a useful adjunct for
predicting outcome of patients with severe head injury.
They observed a significant shift in pulse interval power
toward lower frequencies and an overall reduction in
spectral power, likely due to the loss of cardiovascular
brainstem activity. These findings suggest that HRV
spectral analysis, along with baroreflex sensitivity and
BP variability, could help confirm BD diagnosis.



Table 11. Key Studies on HRV in Brain Injury and Mortality (continue).

Authors

Characteristics

Main findings

Adults

Meglic et al.
373, 2001

Baillard et al.
3742002

Papainannou
et al 186,
2008)

Vakilian et al.
369 2011

Ryan et al
3752011)

Machado-
Ferrer et al.
376 2013

Sykora et al.
3772016

Assessed HRV by power spectra
analysis in 14 patients with acute
brainstem stroke.

Evaluated HRV continuously during
the time of BD.

20 ABI patients treated in the PICU.
Relate longitudinally over time HR
and BP variability and baroreflex
sensitivity with the severity of
neurologic dysfunction and outcome.
14 BD patients with clinical signs of
imminent BD and 15 comatose
patients.

218 adult
ABIl.patients.

patients with severe

Assessed ANS in coma by HRV in
sixteen comatose patients and 22
normal subjects with comparable ages
and sex.

262 patients with a median age of 36
years with TBI.

Transient dysfunction of ANS was found in patients with
acute medullary stroke (n=6) in contrast to those with
non-medullary (n=8) brainstem stroke.

They showed that an improved method of HRV analysis
immediately identified the loss in the spectral power of
HR occurring during transition to BD. This approach
may be used to confirm the cessation of brainstem
function in clinical practice.

In acute BI patients, low variability, low baroreflex
sensitivity, and sustained decrease in LF/HF of HR
signals are linked with a high mortality rate.

HRV and RR-interval analysis appeared as an early
finding for the diagnosis of brainstem death in
comparison to comatose patients with normal brainstem
function. QT dispersion had not significant in this regard.
Decreased VLF is an independent predictor of mortality
and morbidity in hemodynamically stable trauma
patients. Other time and other frequency domain
variables correlated with some, but not all, outcomes. All
were heavily influenced by factors that alter autonomic
function, especially patient age.

They found a notable reduction of HRV in the subgroup
with GCS = 3. Absolute power for the whole frequency
spectrum decreased whenever GCS scores were lower. A
significant decrement was found for absolute power of
the VLF and LF bands in the subgroup of GCS = 3, and
although it was lower for the HF band in these patients,
those changes were not statistically significantly
different. The LF/HF ratio and the Shannon” s entropy
indices were significantly reduced in the subgroup with
GCS =3.

Autonomic impairment, as measured by HRV and
baroreflex sensitivity, is significantly associated with
increased mortality after TBI. These effects, though
partially interlinked, seem to be independent of age,
trauma severity, intracranial pressure, or autoregulatory
status, and thus represent a discrete phenomenon in the
pathophysiology of traumatic brain injury.

Pediatric

Goldstein et
al. 378, 1998

Biswas et al.
3792000

Martin et al.
380 2022

14 pediatric patients with severe ABI.

15 severe TBI children and four
control subjects.

15 children underwent continuous
monitoring of ECG over 7 days post
TBI. HRV analysis was performed
retrospectively. Outcome of children
6 months post TBI was assessed using
the Glasgow Outcome Scale —
Extended Pediatric (GOS-E Peds).

Severity of neurological injury, outcome, and survival
are inversely associated with the degree of cardiovascular
variability and baroreceptor sensitivity. BD results in
near-zero levels of variability in cardiovascular signals
and baroreceptor sensitivity.

ICP of >30 mm Hg or a CPP of <40 mm Hg may be
associated with marked autonomic dysfunction and poor
outcome. HRV power spectral analysis may be a useful
adjunct in determining the severity of neurologic insult
and the prognosis for recovery in children. The LF/HF
ratio may be helpful not only in identifying those patients
who will progress to BD but also in predicting which
patients will have favorable outcomes.

Altered HRV is associated with unfavorable neurological
outcome and in-hospital adverse events. Larger
prospective studies are needed to confirm these findings
and to explore if HRV offers reliable and clinically useful
prediction data that may help clinical decision making.
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Table 11. Key Studies on HRV in Brain Injury and Mortality (continue).

Authors

Characteristics

Main findings

Systematic reviews

Florez- Systematic review and meta-analysis Five articles comparing 542 patients were included.
Perdomo etal. (PubMed, = SCOPUS,  Cochrane Predicted high mortality based on odds ratio for variables
3812021 Central Register of Controlled Trials, LF/HF ratio, HF peak, and TP. However, the statistical
MEDLINE and EMBASE) to analysis was weakened owing to the high level of
determine the utility of HRV in heterogeneity in the included studies. Further research is
predicting mortality in moderate to needed to generate high-quality recommendations
severe TBIL. regarding HRV as a predictor of mortality after TBI.
Hart et al. 32,  Systematic review and metanalysison  The use of beta blockers is associated with an overall
2023 the effect of use of beta blockers in  decrease in in-hospital mortality and higher rate of good

Talbert et al.
383 2024

patients with TBI on mortality and
functional outcome.

Systematic review of the relationship
between TBI and disruptions in
HRV.

functional ~ outcome. Beta-blockers, significantly
influence HRV by modulating ANS activity. These
agents primarily reduce SNS activity while enhancing
PSNS tone, leading to increased HRV in most cases.

89 papers met the inclusion criteria. TBI of any severity
is associated with decreased HRV. Decreased HRV
following TBI predicts mortality beyond age; HRV
disturbances may persist following mild TBI. Overall,
current literature suggests HRV is decreased following
TBI and may be a good indicator of physiological change
and predictor of important outcomes including mortality
and symptom improvement.

Children with ABI often present ANS dysfunctions that produce alterations on the cardiac
parameters *%*. Hemodynamic parameters like HR and BP can predict poor outcome in
severe ABI, but its significance and management thresholds have not been well
established in the pediatric population 3385 Contrary to the adult literature, pediatric
patients with severe TBI and hypertension on presentation do not appear to have
worsened outcomes compared to those who are normotensive. However, a trend toward
increased mortality did exist at extremes of age adjusted hypertension. Research has
established that a diminished HRV is a predictor of death irrespective of the cause but,
despite the potential of HRV as a useful tool in the management of critically ill patients,

is yet to be used routinely in clinical decision making 200-201.379.386.387
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2. Research questions and aims

The main objectives of this investigation were:

1. To examine the current state of research on the value of HRV as a prognostic tool in
children with brain injury.

2. To review the current state of cardiovascular events, beyond HRV, in predicting
outcomes for children with brain injuries.

3. To examine changes in HRV in healthy children undergoing minor surgery to assess
the influence of anesthetic drugs and stress on the ANS.

4. To investigate the prognostic significance of cardiovascular responses in children with
severe brain injury, with a focus on HR, BP, and both linear and non-linear measures of
HRYV as predictors of mortality.

5. To investigate the prognostic significance of cardiovascular responses in children with
severe brain injury, with a focus on HR, BP, and both linear and non-linear measures of

HRYV as predictors of neurologic morbidity at three and 12 months.
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3. Publications

3.1 Paperl

The utility of heart rate variability as a prognostic factor in children with traumatic

brain injury.

Silva, MJ; Antunes, N.

Brain Injury. 2020 Dec 5;34(13-14):1693-1700.

doi: 10.1080/02699052.2020.1836401.
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ABSTRACT

Objective: This study aimed to do a literature review to prove the hypothesis that a change in autono-
mous nervous system regulation, more precisely a decrease in heart rate variability (HRV), is associated
with a worse outcome and could be used as a prognostic factor in children with TBI.

Methods: Databases (Pubmed, World of Science and Scopus) studies were conducted from 1996 to 2017,
considering HRV in children with TBI. Seven studies were analyzed.

Results: Patients that became brain dead had a markedly lower LF/HF ratio, with a significant decrease
after the first few hours of hospitalization. Patients with a more favorable prognosis had significantly
higher LF/HF ratios.

Discussion: The HRV can be useful when determining the severity of neurological damage and
a prognostic factor in the evaluation of its recovery. However, to assess the true value of HRV monitoring
in children with TBI, a prospective study with identified thresholds for HRV, comparison to the standard
methods of assessment and predictions should be made blinded to outcome at admission and then
through the clinical course including the post-acute phase of rehabilitation. In the absence of this, any
recommendation for its use as a prognostic tool may be premature.
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Introduction

Heart rate variability (HRV) is defined as the variation over time
of the interval between consecutive heartbeats. It reflects the
heart’s ability to adapt and respond to changing circumstances
by detecting and responding to unpredictable stimuli. It serves as
an indicator of autonomous activity in the regulation of circula-
tion. It is also considered as the method of analysis of the auto-
nomic nervous system (ANS) activity. Changes in HRV have been
associated with several pathological conditions. HRV measure-
ments can be grouped in time domain, frequency domain and
non-linear measurements. HRV derives from the difference in
duration of intervals between two consecutive beats, called
R-R intervals, and is measured in milliseconds. These intervals
are obtained on the ECG: the QRS complexes correspond to
heartbeats, and R-R' and R-R* are intervals between beats.
Many frequency bands have been defined in humans,
namely, high-frequency band (HF): between 0.15 and
0.4 Hz - modulated by the parasympathetic nervous system
and generated by respiratory, low-frequency band (LF):
between 0.04 and 0.15 Hz - derives from the activity of the
sympathetic system and is thought to reflect the delay in the
baroreceptor reflex system and very low-frequency band
(VLE): between 0.01 and 0.04 Hz - it is of uncertain origin
but has been attributed to a marker of sympathetic activity (1).
As the heart rate (HR) is a nonstationary signal, its varia-
bility (especially a reduction) may indicate the existence or
eminence of current disease: the reduction of the HRV is
associated with increased mortality. HRV is widely used to

efficiently monitor the human body, more precisely in the
evaluation of ANS, through its sympathetic and parasympa-
thetic components. Therefore, it has become a relevant non-
invasive clinical tool (2). Traumatic brain injury (TBI), which
is associated with autonomic dysfunction and corresponds to
40% of deaths in American children under 1 year of age (3), is
the main cause of traumatic death (4). Despite the vast experi-
ence and research in this field, the determinants of its occur-
rence in children are still not well defined.

TBI may result in dysautonomia (dysfunction of ANS),
which is a condition characterized by marked paroxysmal
changes in blood pressure, HR, respiratory rate, temperature
and sweating (5). Dysautonomia affects a small sub-group of
survivors who have suffered severe TBL

The authors did a literature review focusing on HRV to
prove the hypothesis that significant changes in the regulation
of the ANS, more precisely a decrease in HRV, are associated
with a lower probability of survival and a higher rate of mor-
tality and morbidity.

Methods

A systematic research of the literature was made in
January 2018, based on three databases (Pubmed, World of
Science and Scopus) with the keywords: (heart rate variability)
and (children) and (head trauma) and (pediatric patients) and
(dysautonomia). Two hundred and twenty-one articles from

CONTACT Marta Joao Silva @ martajoaosilva@gmail.com @ Pediatric Intensive Care Unit, Centro Hospitalar Universitario Sdo Jodo, Porto, Portugal

© 2020 Taylor & Francis Group, LLC
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Table 1. Selected time-domain measures of HRV (1).
Variable Units

Description Interpretation

SDNN ms  Standard deviation of all RR intervals Estimates overall
HRV.
SDANN  ms Standard deviation of the average of RR  Estimates long-term
intervals in all 5 min segments of components of
entire recording HRV.
RMSSD  ms The square root of the mean of the sum  Estimates short-

of the squares of diferences between
adjacent RR intervals

term components
of HRV.

ms — milliseconds

Table 2. Selected frequency domain measures of HRV (1).

Frequency
Variable Units  Description range Interpretation
HF ms?  Power in high 0.15a 040 Hz Heart rate changes related
frequency to the respiratory cycle
range (respiratory sinus
arrhythmia). They are
typically modulated by
the parasympathetic.
LF ms>  Powerinlow 0.04a0.15Hz Modulated by both
frequency sympathetic and
range parasympathetic, with
sympathetic
predominance in some
specific situations, and
reflecting the oscillations
of the baroreceptor
system.
VLF ms®  Power in very <0.04 Hz Dependent on
low thermoregulatory
frequency mechanisms and the
range renin-angiotensin system,
whose regulation is also
effected by sympathetic
and parasympathetic.
LF/HF ms®  Ratio LF/HF It provides useful
information on balance
between the sympathetic
and parasympathetic
systems.
TP ms®>  Total power:  Approximately It provides useful

variance of < 0.04 Hz information on balance
all NN between the sympathetic
intervals and parasympathetic

systems.

ms? — milliseconds?, Hz — Hertz

Pubmed, 102 from the Web of Science and 2 from the Scopus
database were found.

The abstracts were analyzed according to the following
criteria: articles from 1996 to 2017, human studies in pediatric
age (1 month to 18 years), without congenital diseases or
comorbidities, of empirical investigations (excluding meta-
analyses, review articles and reports of single cases), using
time and frequency domain methods as HRV evaluation
according to the Task Force guidelines (1) and available in
full text in Portuguese or English.

Seven articles fulfilled the inclusion criteria. Integral texts of
articles with matching predefined criteria were screened. Data
extraction records were performed for each of the seven selected
articles. The aim, study format, author and year, characteristics of
participants, parameters used to measure HRV (time domain and
frequency), experimental conditions and key ideas were extracted.

Results

According to the Task Force of the European Society of
Cardiology and the North American Society for Rhythm and
Electrophysiology (1) and several studies (6-15) the authors
used the time and frequency domains to determine the utility
of HRV as a prognostic factor in children with TBI. The results
are summarized in Tables 1 and 2. The data extracted from the
selected articles are summarized in Table 3.

Except for Su et al. (11) who did not specify how many
children with TBI are included, in the remaining six eligible
articles, the sample size was variable, between four and 114
children, but the total number of children with TBI ranged
from four to 25. Only children included in the study by Kim
et al. (12) were studied after an average of 535 days post-TBI. In
the remaining studies, the data included were collected in the
acute phase even during the first 24 hours on admission or the
date of discharge from pediatric intensive care (PICU).

The authors verified that there was a variation between the
low frequency (LF) and high frequency (HF) values in the
analyzed studies when compared with those suggested by the
Task Force (Table 2). The HF band starts at the value at which
the LF band ends: 0.15 Hz (Table 3). Five studies excluded the
very low-frequency band (VLEF), starting the LF band between
0.01 and 0.04 Hz and those that included the VLF band, used
the value 0.01 Hz to start it (Table 3).

According to Biswas et al. (6) children with TBI who pro-
gressed to brain death had a very low LF/HF ratio (p < .001),
with a significant decrease in the first 4 hours of hospitaliza-
tion. Patients with better prognosis had higher LF/HF ratio.

Goldstein et al. (7) found significant correlations between
survival and mean HR (p = .004) and LF (p = .009). In other
words, the severity of the neurological injury, prognosis and
survival were inversely related to the degree of cardiovascular
variability. Brain death occurred at very low values of HRV
(near zero). In addition, the cardiovascular and autonomic
systems were proportionally decoupled at various levels during
acute brain injury. Thus, monitoring the degree of decoupling
in these systems allows a better understanding of neuroauto-
nomic and cardiovascular interactions during acute brain
injury.

Goldstein and colleagues (8) also found a negative correla-
tion between the minimum value of LF (p <.001), HF (p <.001)
and LF/HF (p = .007), recorded during hospitalization. At
discharge from PICU, the prognostic showed a negative corre-
lation between the minimum value of LF (p < .001), HF
(p < .001) and LE/HF (p = .008), in other words, low values
of HRV demonstrated a greater severity of the illness and
a worse prognosis.

According to Goldstein et al. (9), maximal values of LF
(p <.001), and minimum values of HF (p < .001) demonstrated
a higher probability of survival, suggesting that HRV may
prove to be a sensitive and specific method useful in determin-
ing the severity of the neurological injury in children who
suffered brain injury.

Almeida et al. (10) concluded that the group of patients with
brain death presented reduced HRV in all frequency bands
(p<107").



Table 3. HRV in children with TBI.
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Authors

(year) Aim design

Participants

HRV measurement Experimental conditions

Key findings

Goldstein  To study sequential changesin 42 children,5 were

B et al.
)

HRV in patients with acute
brain injury and correlate it
with the severity of
neurologic dysfunction and
patient outcome.

Goldstein
B et al.
7)

Uncoupling of the autonomic
and cardiovascular systems
in acute brain injury.

Goldstein  To determine if
B et al. decomplexification of heart
(8) rate dynamics occurs in
critically ill and injures
pediatric patients.

excluded.

37 children (13 males/24
females) with brain
injury (injury occurring
within 24 h of hospital
admission).

25 children had TBI.
Data were obtained
within the first 24 h of
admission to the Strong
Children’s Critical Care
Center between

August 1990 and

March 1992.

24 children with brain
injury (10 males/14
females).

Data were obtained
within the first 24 h of
admission to the
pediatric ICU between
September 1994 and
March 1997.

Aged from 0.2 to

17.5 years

(mean = 5.9 + 5.1 years)
5 children had TBI.

135 consecutive pediatric
ICU admissions.
21 children were
excluded.
13 children had TBI.

Inclusion criteria:

GCS < 12 or the need for
frequent (every 1 hour)
nursing assessment of the
patient’s neurologic status.
Exclusion criteria:
Prolonged cardiopulmonary
arrest with severe
hypoxemic cardiac damage
and/or cardiac
dysrhythmias.

Data were obtained within
24 hours of admission and
on days 2,3,7 and weekly
thereafter until hospital
discharge or death.

10 who received low-dose
dopamine (<5 pg/kg/min)
or epinephrine (<0,1 pg/kg/
min) were included in the
study.

Included pathologies:
anoxic/ischemic injury,
multiple trauma, head
trauma, central nervous
system infection and
intracranial hemorrhage.
There were 17 survivors and
7 non-survivors, 3 of which
were diagnosed as brain
dead.

ECG using monitors
78213 Ce 78212D,
Hewlett-Packard,
Waltham, MA.
Sampling rate: 1 kHz.
Duration of recording:
256secs.

FD: VLF (0.01 to

0.04 Hz), MLF (0.04 to
0.07 Hz), LF (0.01 to
0.15) and HF (0.15 to
0.50 Hz).

HRView software
(Boston Medical
Technologies, Boston,
MA).

Sampling rate: 1 kHz.
Duration of recording:
600secs.

128 secs time series
that was artifact free
was chosen for
analysis by one
author.

FD: LF (0.01 to

0.15 Hz).

ECG using monitors
78213 C, Hewlett-
Packard, Palo Alto, CA.
Sampling rate: 1 kHz.
Duration of recording:
256secs.

A 128 secs segment
was selected for
determination of
heart rate power
spectra and analyzed.
FD: LF (0.01 to

0.15 Hz), HF (0.15 to
2.0 Hz) and LF/HF
ratio.

HRV was compared with
a previously validated
measure of severity of
illness — Pediatric Risk of
Mortality (PRISM) and with
validated measures of
outcome from pediatric
intensive care - Pediatric
Overall Performance
Category (POPC) e Pediatric
Cerebral Performance
Category (PCPC).
Exclusion criteria:
patients who were not
physically in the ICU at the
time of study;
were off
electrocardiographic
monitoring; had a high
cervical cord tumor; had
cardiac dysrhythmias at the
time of ECG recording or
were receiving
anticholinergic medications
or other drugs that may
have significantly impaired
analysis of HRV.
All patients were studied in
the supine position.

Significant association
between LF and severity of
neurologic dysfunction
(p < .001) and patient
outcome (p = .05).
Maximum values for LF
(p < .001) and minimum
value HF (p =.001),
predicted an increased
likelihood of survival.

Neurological injury and
survival was associated with
LF (0.01-0.15 Hz).

Brain death patients
showed decreased LF

(p = .03) compared with
non-brain-dead patients.
The more severe the
neurological injury, the
worse the prognosis and
the lower the HRV.

The lower the HRV, the greater
the severity of illness (LF
p =.001 e HF p =.004).
The lower the HRV, the
worse the outcome (LF
p =.002 e HF p = .011).
LF or sympathetic
modulation of HRV, showed
a consistently higher
degree of correlation with
PRISM, POPC and PCPC
scores than did HF
suggesting that
sympathetic modulation of
heart rate may be a more
sensitive measure of
severity of illness and
outcome than
parasympathetic activity.

(Continued)
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Table 3. (Continued).

Authors
(year) Aim design Participants HRV measurement Experimental conditions Key findings
Biswas To evaluate HRV by power 15 children (10 male/5 Semi-automated system Relationship between There was a significant
Aetal. spectral analysis and female) with TBI (Fukuda-Denshi and intracranial pressure, decrease in the LF/HF ratio
(6) outcomes in children with occurring within 8 hrs.of ~ DMS 300: Total cerebral perfusion pressure when the intracranial
acute traumatic head injury.  hospital admission. Disclosure Analyzer, and HRV in children with pressure was > 30 mmHg
Data collected from Diagnostic Monitoring TBI was studied. (p < .001) or the cerebral
April 1997 to June 1998 Software, Santa Ana, Inclusion criteria: perfusion was < 40 mmHg
in Pediatric Intensive CA). TBI occurring within 8 hrs. (p < .001). Children with
Care Unit (ICU) in a level This system received of hospital admission, a GCS score of 3-4 had
Il trauma center the electrocardiogram Glasgow Coma Scale (GCS) a lower LF/HF ratio
Age between: 7 months (ECG) signal from <8 and placement of an compared with those who
to 12 years. bedside monitors in intracranial pressure had a GCS score of 5-8
real-time and monitor. (p < .005). Patients who
sampled the ECG Exclusion criteria: progressed to brain death
signal at 128 Hz. Recent cardiopulmonary had a markedly lower LF/HF
Duration of recording:  arrest, B-adrenergic ratio (p < .001). Patients
1 hour. receptor antagonist and/or with more favorable
RR intervals: 5 min. — atropine use within the outcomes had significantly
series of 256 points. previous 24 hrs., history of higher LF/HF ratios.
FD: LF (0.04 to preexisting neurologic
0.15 Hz) and HF (0.15 injury or disease, moderate
to 0.40 Hz) and LF/HF dose of infusions of
ratio. catecholamine, sepsis or
suspicion of significant
infection, and history of
heart disease or other
pathology associated with
abnormal HRV.
Su Cetal. To investigate the autonomic 121 patients 31 subjects Precordial ECG Exclusion criteria: The LF, HF and LF/HF in group
(11) function in patients with were excluded. Sampling rate: without available consent; | were essentially similar to
brain damage of various 90 patients (67 males/23 256 kHz. with diabetic neuropathy; those in the normal
extents. females) aged from 4 to Duration of recording: cardiac arrhythmia and subjects. LF and HF
84 years (mean 5 minutes. other cardiovascular or decreased from group | to
45 years). FD: LF (0.04 to neurological disease and IV. All parameters were
Patients were divided in 0.15 Hz) and HF (0.15 patients with long term use  nearly absent in group V.
5 groups according with to 0.40 Hz) and LF/HF of drugs such as hypnotics,
GCS. ratio. autonomic stimulants or
There were children in |, suppressants that may
Il, IV and V group. affect the heart rate.
Control group:
17 volunteers aged from 18
to 42 years.
Patients were divided into 5
groups according with GCS:
group | — mild head
concussion used as control
and group V - brain-stem
death.
Almeida  Exploring QT variability 16 children with acute ECG Holter recordings. As expected brain death group
Retal. dependence from heart rate brain injury. FD: VLF (<0.04 Hz), LF presented reduced HRV in
(10) in coma and brain death on These data were (0.04 to 0.15) and HF all frequency bands, with

pediatric patients.

integrated of a larger
database (45 cases)
collected between 2006
and 2011.

Only children within 11
and 14 years were
included.

8 children had TBI (7
survived and 1 was brain
death confirmed).

(0.15 to 0.40 Hz).

high significance (p < 10'°).

(Continued)
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Authors

(year) Aim design Participants HRV measurement Experimental conditions Key findings

Kim To find evidence of autonomic 13 children (8 males/5 SA-6000 device 13 age-and sex-matched There was a statistically
Setal imbalance and present the females) with acute (Medicore Co.,Seoul, patients with cerebral palsy  significant increase in the

(12) HRV parameters that reflect Korea).
the severity of paroxysmal
sympathetic hyperactivity
in children with acquired

brain injury.

brain injury who were
admitted from
October 2013 to
January 2016.

4 children had TBI.

5 minutes.

FD: LF (0.04 to 0.15),
HF (0.15 to 0.40 Hz)
and LF/HF ratio.

Duration of recording:

TD: SDNN and rmSSD.

were selected as the control
group.

Test were conducted in

a noise-free environment
after 30 minutes of rest, in
a relaxed supine position.
In order to avoid the
influence of circadian
changes in the HRV results,
data was collected between
1:00 PM and 3:00 PM in
every patient.

The room temperature
during data collection was
24-26°C.

Exclusion criteria:

history of cardiac disease;
diabetes or other peripheral
neurological impairment;
patients taking

mean heart rate of the
acute brain injury group
compared to the control
group (p =.0119).
According to the time
domain analysis, the rmSSD
was significantly different
between the two groups

(p = .0240). All indices of
the frequency domain
analysis demonstrated

a statistically significant
difference between the two
groups. The LF and HF
decreased in the acute
brain injury group
compared to the control
group. Only the LF / HF ratio
increased in the acute brain
injury group compared to

cardiovascular medications
and sépsis or suspicion of
significant infection.

the control (p = .0018 and
p = .0018, respectively).

LF — low frequency; VLF — very low frequency; MLF — mid-low frequency; HF - high frequency; secs — seconds; FD - frequency domain; TD - time domain

Su et al. (11) proved that a percentage increase in the LF
band and in the LF/HF with the decrease in HF indicated
a greater power on the part of the sympathetic nervous system
and attenuated parasympathetic. These changes were related to
the severity of damage to the brainstem. It was also observed
that in brain death, LF and HF presented very low values,
concluding that HRV may be a useful tool in the evaluation
of ANS functions in patients with various levels of brain injury.

Kim et al. (12) found that a significant increase in LF
(p = .0119) patients with acute brain injury indicated
a high sympathetic excitatory activity since LF had
a sympathetic predominance. However, HF had
a parasympathetic modulation. The significantly decreased
values observed in the group of patients with acute brain
injury (ABI) suggested a decreased parasympathetic activ-
ity. The significant increase in the LF/HF ratio of the
group of patients with acquired brain injury infers
a greater power on the part of their sympathetic nervous
system (p = .0018). In the time domain, SDNN, which
reflects every cyclic aspect that was related to the varia-
bility during the recording period, was decreased in ABI
group (p = .0134); rmSSD, which represents the parasym-
pathetic regulation of the heart, was significantly different
between the two groups (p = .0240). In summary, accord-
ing to this study, the group with acute brain injury had
a sympathetic predominance when compared to the con-
trol group.

Discussion

The main result of this study is that HRV can be useful when
determining the severity of neurological damage and
a prognostic factor in the evaluation of its recovery. It was
found that the more severe the neurological injury, the worse

the prognosis and the lower the HRV. This suggests that as
HRV is commonly used to efficiently monitor the human body
in the evaluation of ANS, through its sympathetic and para-
sympathetic components, it is a relevant noninvasive clinical
tool (2). Short-term variations in HR are observed at all ages
and are an important sign of normal homeostatic mechanisms
of the cardiovascular system. The degree of HRV provides
information about how the nervous system interferes with
HR and heart responsiveness. In addition, disorders of the
central and peripheral nervous system have effects on HRV.
Furthermore, all normal cyclic changes in HR are attenuated in
the presence of severe brain damage (13).

Our interest in the present study was to explore HRV
changes and to investigate their relationship in the prognosis
of children with TBI. Even though not much has been pub-
lished about this matter, in the analyzed studies, HRV was
markedly depressed in children who progressed to brain
death after TBL

In addition, LF/HF ratio was significantly reduced in brain-
dead children. The low LF/HF ratio was evident in all brain-
dead and non-surviving patients, while in the control group
there was a progressive increase in all measured variables.
However, it is hypothesized that these conclusions are biased
in relation to the importance of each variable, due to the small
sample size of each study. For this reason, the authors think
that a similar study with a larger and more homogenous group
could have a significant value in HRV as a predictive element,
rather than simply associated, with mortality.

There are several relevant limitations to this review. The
lack of standardization of the Task Force guidelines for the
pediatric population. The standard values described may not
apply to children with the result that different authors used
different frequency bands. Furthermore, the implementation of
a standard method to collect and analyze HRV would
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contribute to more reliable findings. This and the fact that most
studies included mostly adults and only a small number of
children made it difficult to establish a comparison about the
importance of HRV and its role in the prognosis of children
with TBI. Hence, the importance of setting appropriate guide-
lines for the pediatric age as well as a cutoff to define the
prognosis of children with TBI on admission. On the other
hand, the fact that all available studies are limited by very small
numbers of children with TBI (4-25 per study) limited the
results of the studies. Nonetheless, it seems well established
that LE/HF ratio may be helpful not only in identifying those
patients who will progress to brain death but also in predicting
which patients will have favorable outcomes but there are no
clear cutt-off values of decreased of the single parameters or
increase of LE/HF ratio.

The authors did not consider no specific threshold for HRV
above or below which a prediction can be made of prognosis.
There are several clinical variables that have an association
with outcome (higher or lower levels of any test may be
associated with bad outcome) but these are general associa-
tions. There is no generalizable threshold that can be used as
a guide for individual patients. It is still uncertain the real value
of such monitoring method for the early identification of
prognostically worse cases. To know that it is necessary to
make a comparison to the standard methods of assessment of
the injury severity , e.g., initial Glasgow Coma Scale, presence
of fixed dilated pupils, initial intra-cranial pressure and cranial
perfusion pressure monitoring or loss of cerebrovascular auto-
regulation in the first 24 hours.

The association of HRV and brain death may or may not
have clinical utility. As a diagnostic tool, it is important to
determine it’s utility by testing it against known brainstem
death criteria to see if it is independent of the existing ability
to predict the progression to brain death.

As we can see in the results of our study, in the acute phase,
reduced HRV power in children with TBI is positively asso-
ciated with injury severity and a worse outcome, however, in
the post-acute phase of rehabilitation these variables are very
little documented.

King at al. (14) were the first to demonstrate abnormalities
in HRV of patients with TBI during the post-acute recovery
phase. They studied seven adult patients at a mean of 4 months
post-injury and found changes in HRV with lower SDNN, LF,
HF and total power values in survivors of severe TBI when
compared to controls.

One pediatric HRV study of 12 boys post severe TBI
reported a significantly lower RMSSD of the HRV at rest and
decreased time-domain values during exercise only in TBI
children (15). Another similar study (16) was performed in
ten children 3-5 years post-severe TBI and also found
a decreased HRV at rest and in response to exercise. Both
studies found a cardiac autonomic system less efficient at rest
and less adaptative to exercise and activity in children post-
severe TBI compared to controls.

In the same way, Baguley et al. (17), studied 16 adult
patients with TBI and found reduced SDNN and total LF
power compared to controls at a mean of 2.6 months post-
injury. They divided the TBI group into two subgroups, with
and without dysautonomia, and found that patients with

dysautonomia had more severe injuries and worse rehabilita-
tion outcomes with lower LF power, greater LF/HF ratio and
prolonged uncoupling of HR and HRV parameters compared
to non-dysautonomic patients. These HRV abnormalities were
maintained for a mean of 14 months post-injury. On the other
hand, Keren et al. (18) found a tendency to normalize HRV
changes during the first 3 months after TBI, suggesting recov-
ery of the ANS.

More studies are needed to document how long changes in
the ANS are maintained after TBI, it will probably depend on
several factors. However, this information may have important
implications for the management of these patients in the med-
ium to long term.

Dysautonomia, also known as autonomic dysfunction syn-
drome or paroxysmal sympathetic hyperactivity (PHS), is
a syndrome that affects a subset of severe BI survivors and is
characterized by changes in HR, respiratory rate (RR), systolic
and diastolic blood pressure, temperature, sweating and muscle
tone increase (19-21). The prevalence of PHS in children after
severe TBI has varied between 6% and 38% although these
values are thought to be underestimated (22-26).

Kim et al. (12) studied 13 children with acquired brain
injury (four with TBI) and found a decline of the RMSSD,
LF, HF, normalized LF/HF and significant incline of the nor-
malized LF, LE/HF ratio in these patients demonstrating that
they have higher sympathetic excitatory activity and more
dominant sympathetic power than parasympathetic power
compared to control group. They also diagnosed five patients
with PHS and found that they had significantly lower values of
the SDNN and TP compared to non-PHS group indicating
a less variable nature of the HR during environmental change.

Children with PHS have greater PICU length of stay and
worse functional and cognitive outcomes with a long-term
course in rehabilitation indicating that new strategies for reha-
bilitation and patient follow-up are needed to improve out-
come (22-24,26,27).

The ANS dysfunction, commonly assessed by HRV, is
a major factor in the symptomatology in TBI and may occur
because of neurogenic causes such as a large catecholamine
release and inflammatory response after injury (28). This
sequelae of increased sympathetic or reduced vagal activity
may produce arrhythmias, ischemia, arterial hypertension,
myocardial infarction or sudden cardiac death (28,29). The
pathophysiology of HRV changes can be interpreted in several
ways. In the acute setting Goldstein et al. (7) suggested that the
cardiovascular system and ANS are uncoupled following TBI
and that the more severe the injury, the greater the uncoupling
would be. Baguley at al. (17), on the other hand, found an
ongoing reduction of HRV components in patients with dys-
autonomia regardless of GCS, and suggests that this uncou-
pling continues for dysautonomic subjects in the post-acute
setting arising from damage extending rostrally from the brain-
stem into the hypothalamus or above resulting in an incom-
plete breakdown of communication between supraspinal and
spinal ANS drivers and inhibitors. However, in addition to the
decoupling between cerebral autonomic control and the cardi-
ovascular system, we also have to take into account the role of
catecholamine elevation as a contributing factor to these
changes. Clifton et al. (30) studied 48 patients with head



injuries (including about 10 children and adolescents) and
found that patients with head injury and without systemic
trauma usually had an elevated plasma norepinephrine (NE)
when their GCS was below 10. Elevations of plasma NE corre-
lated with elevations of blood pressure, pulse rate and tem-
perature. The plasma NE level reflects the amount of
sympathetic nervous release of this neurotransmission trans-
lating a high activity of the sympathetic nervous system in
these patients which can have deleterious effects on the cardi-
ovascular system (30,31).

During paroxysm, patients have increased metabolic expen-
diture which would reduce total spectral power as a result of
high sympathetic drive (17). However, changes in HRV were
found in patients with dysautonomia during a post-acute and
non-paroxysmal phase and independently of HR, supporting
the disconnection theory (17). Further studies are needed to
assess the role of catecholamine and its potentially damaging
effects on stress response to injury, especially in children
with TBI.

Patients with TBI have reduced life expectancy depending
on age, sex and severity of disability ('31-34). Hilz et al. (35)
studied cardiovascular-autonomic dysregulation after mild
traumatic brain injury (mTBI) in 20 adults 5-43 months post-
injury and found impaired autonomic modulation in the post-
mTBI group what can probably contribute to cardiovascular
events and fatalities. Wilson and colleagues (36) compiled
a series of studies concerning adults with traumatic brain
injury that included follow-up of 5 years or more after injury
and concluded that there are multiple lines of evidence sug-
gesting that TBI may be chronic, evolving, and lifelong dis-
order with an altered risk not only for various neurological
pathologies but also systemic pathologies, with associated
increased morbidity and mortality, extending for many dec-
ades in survivors of TBI. Strauss et al. (37) studied the long-
term mortality risk and life expectancy after TBI in 946 chil-
dren and adolescents and found that inactivity in lower func-
tioning TBI survivors plays a role in late mortality with a high
correlation between mobility and mortality. Accordingly, it is
pertinent to consider children after TBI as a risk population
justifying tighter control, such as routine cardiovascular
screening, and lifestyle interventions as keys in secondary pre-
vention and mortality reduction.

TBI can result in a broad signs and symptoms that include
physical, emotional and cognitive disturbances that can lead to
headaches, dizziness, nausea, concentration deficits, slowed
mental processing, memory impairment, irritability, gait distur-
bance and fatigue (28,38). ANS dysfunction has been found as
a major factor in the symptomatology during the acute and sub-
acute phase post TBI and is a marker for anxiety, post-traumatic
stress, depression, schizophrenia and panic disorder (28,38,39).

A prospective study must be done, with identified thresh-
olds for HRV and comparison to the standard methods of
assessment, and predictions should be made blinded to the
outcome at admission and then regularly through the clinical
course to recommend HRV monitoring as a prognostic tool in
children with TBI. Further prospective studies to understand
the long-term effects of TBI on the autonomous nervous sys-
tem and the usefulness of HRV in the post-acute rehabilitation
phase in children with and without PHS as a prognostic factor
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for cardiovascular risk, psychiatric disorders or other potential
effects are also needed.

Conclusions

In summary, according to the eligible studies, the analysis of
HRYV in children with severe brain lesions caused by TBI and
the prognosis of their recovery is inversely associated with
HRV, with cerebral death levels of almost zero variability.
The frequency domain is used more frequently and the LF
reflected the activity of the sympathetic component. The evi-
dence indicated that during severe brain injury, the cardiovas-
cular and autonomic systems are proportionally decoupled at
various levels in relation to the degree of neurological injury,
and their monitoring may lead to a better understanding of
neuroautonomic interactions. Patients who after brain injury
evolved to brain death had a markedly lower LF/HF ratio
(p < .001) with a significant decrease after the first hours of
hospitalization. Patients with a more favorable prognosis had
significantly higher LE/HF ratios. Thus, the LF/HF ratio may
be useful in identifying patients who will progress to brain
death, as well as in the prognosis of those who will recover
favorably. But these are general associations and to assess the
true value of HRV monitoring in children with TBI,
a prospective study must be done, with identified thresholds
for HRV, comparison to the standard methods of assessment
and predictions should be made blinded to the outcome at
admission and then regularly through the clinical course. In
the absence of this, any recommendation for its use as
a prognostic tool may be premature.
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Background: Brain injury is a leading cause of morbidity and mortality in the pediatric population. Neurogenic
stunned cardiomyopathy is a complication associated with several neurological conditions that can lead to worse
outcomes. It presents as alterations in blood pressure, cardiac rhythm disturbances and the increase in cardiac
injury biomarkers. This systematic review aims to assess the hemodynamic consequences of brain injury in the
pediatric population to identify better management strategies and improve outcomes.

Methods: An electronic literature search was performed in Pubmed, Scopus and WebOfScience, up until October
3rd, 2022. The selected articles underwent quality assessment using the National Heart, Lung and Blood Institute
tools for cohort and case-control studies.

Results: This systematic review includes thirteen articles on the effects of brain injury in arterial pressure, rhythm
disturbances and biomarkers of myocardial injury. These studies showed the following key results: both hypo-
tension and hypertension are associated with worse outcomes; brain injury could be related to longer QTc in-
tervals; neurogenic stunned cardiomyopathy was a common found after brain injury.

Conclusion: This is the first systematic review to report cardiovascular abnormalities arising from brain injury in
children. An early arterial pressure, electrocardiographic and echocardiographic evaluation, as well as the
measure of serum biomarkers for myocardial injury, can be critical in identifying poor prognostic factors. Further

research is required to understand the implications of our findings in clinical practice.

1. Introduction

Brain injury can be divided into two major causes: traumatic and
non-traumatic. Whilst a traumatic brain injury (TBI) is one of the major
morbidity and mortality causes in children worldwide [1], non-
traumatic brain injury (nTBI), which includes insults such as anoxia,
vascular causes, brain tumors, central nervous system infections, toxic
effects of substances and metabolic encephalopathies, can lead to
negative and long-lasting consequences, particularly in the pediatric
population, since they are in a critical period of neurodevelopment [2].

The theory of a possible linkage between our brain and heart func-
tion has already been hypothesized for decades, being the Cushing reflex
a famous example of this crosstalk [3,4]. This relationship is an intricate
one, with not much being studied in the pediatric population.

What we know is that brain injury can induce catecholamine medi-
ated and inflammatory responses leading to neurogenic stunned car-
diomyopathy (NSC), characterized by left ventricular dysfunction, the
development of both hypertension and hypotension, arrhythmias,

ischemia-like electrocardiographic (ECG) changes and, even the mild
increase in serum biomarkers of cardiac injury [5]. These abnormalities
are usually reversible and caused by an “autonomic storm”, secondary to
a local excessive release of norepinephrine from the sympathetic nerve
terminals in the myocardium, resulting in severe changes in the patient's
hemodynamics [6]. While neurogenic cardiovascular dysfunction has
been associated with a higher morbidity and mortality [7], little is still
known about which hemodynamic parameters can predict poor
outcome, its significance and no management thresholds have been well
established in the pediatric population.

As far as we are aware, this is the first systematic review focusing on
the systemic hemodynamic consequences after brain injury, designed in
the pediatric population. Our aim is then to collect and report the
clinical evidence regarding abnormalities in the systemic hemody-
namics, the presence of electrocardiographic changes, arrhythmias, and
the elevation of markers of cardiovascular damage, arising from brain
injury, in the pediatric population, in order to set a path to determine
management goals and achieve better outcomes.

* Corresponding author: Faculty of Medicine of University of Porto, Alameda Professor Hernani Monteiro, 4200-319 Porto, Portugal.

E-mail addresses: martajoaosilva@gmail.com, mjsilva@med.up.pt (M.J. Silva).

https://doi.org/10.1016/j.ijcard.2023.131132

Received 27 March 2023; Received in revised form 14 June 2023; Accepted 20 June 2023

Available online 22 June 2023

0167-5273/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



M.J. Silva et al.

International Journal of Cardiology 387 (2023) 131132

[ Identification of studies via databases and registers [ Identification of studies via other methods ]
—
Records identified from:
c PubMed, Scopus and R 4 d bef:
'% WebOfScience Databases S:}(;t;ﬂigr‘emove efore
©° (n =2420) Duplicat d d
% PubMed (n = 1089) > (nus g:gaae)z records remove
3 Scopus (r! =483) Records identified from: »| Reports not retrieved (n = 2)
= WebOfScience (n = 848) Citation searching (n = 40) No access to full text (n = 2)
|
) Records excluded (n = 1457)
Records screened by title and No access to abstract (n=17)
abstract > Studies in adults (n= 502) -
(n=1522) Non-related to the topic (n= 938) Reports excluded by screening of
Reports sought for retrieval for abstract (n=24)
i full-text review N Non-related to the topic (n=3)
(n=38) Case reports (n=13)
Reports sought for retrieval for . _ Studies in adults (n=8)
° full-text review »| Reports not re}nﬁved (n :11 0)
£ (n = 65) No access to full text (n=10)
S
ﬁ !
O
]
Reports assessed for eligibili . Reports assessed for eligibilit Reports excluded:
(n 5 55) ooy > Repgg:ee:ec;l;‘:éd('n =5) (n E 145) s T elgiilty > :nclug;ed mostly adult patients
. n=
::clug;ed mostly adult patients Literature reviews (n = 4)
Non-related to the topic (n =
—
Y
Studies included in review
(n=12)
Reports of included studies
(n=1)
Fig. 1. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources.
2. Methods data collection, (ii) — the population of the study should be children

2.1. Search strategy and study selection

This systematic review was conducted in accordance with the
Preferred Reporting Items for Systematic reviews (PRISMA) recom-
mendations. An electronic literature search was performed in PubMed,
Scopus and WebOfScience databases, in order to identify clinical studies
relevant to the topic of cardiovascular changes in children after brain
injury, up until the 3rd of October of 2022.

For search purposes, the coming terms were applied: “children”,
“pediatrics”, “child” or “adolescent” and “brain injury” combined with
one of the following “arrhythmias”, “tachycardia”, “bradycardia”,
“arterial pressure”, “hypertension” or “hypotension”, with no restriction
regarding date of publication or language of the study (Supplementary
Material 1).

Based on the search strategy applied, two investigators indepen-
dently extracted data, which was subsequently compared. Any doubtful
situation was decided by a consensus or by a third investigator. After
data extraction, on a first phase, two investigators independently
screened and assessed titles and abstracts, with the purpose of excluding
duplicates and the ones which were clearly not related to the topic. If it
was not yet clear if the study met the premise of our research, on a
second phase, the investigators would then retrieve the full text of the
study and analyze it, according to its clinical relevance and character-
istics. On a third phase, the references of the selected studies were
evaluated in order to find additional relevant studies. Disagreements
were decided by a consensus or by a third investigator.

2.2. Inclusion and exclusion criteria

In order to be eligible to this systematic review, the studies were
selected taking into account the following criteria: (i) — peer-reviewed
original observational articles, involving prospective or retrospective

(<18 years old), (iii) — the participants should not have other more
significant organ injuries that could explain better the cardiovascular
changes, (iv) - the studies should focus on cardiovascular abnormalities
arising from brain injury, (v) — access to the full-text publication was
required. Studies which included mostly adults or neonates, animal
models, intervention studies, patients with pre-existing cardiovascular
disease such as cardiomyopathies, retracted studies, review articles and
case reports were excluded from this review, as well as articles that did
not mention hemodynamic irregularities following a brain insult. No
articles were excluded based on the language they were written in or
publication date.

2.3. Data extraction and quality assessment

A data extraction form was created to capture all pertinent infor-
mation. Following is a list of the extracted data: publication details
(author, country and publication year), study design, population details
(number of participants, age, cause and severity of the brain injury),
which and when hemodynamic parameters were evaluated (heart rate,
blood pressure, the presence of cardiac rhythm disturbances or markers
myocardial injury), relevant results and main conclusions. Selected full
articles underwent thorough evaluation and quality assessment, using
the National Heart, Lung and Blood Institute (NIH) tools for quality
assessment of cohort and case-control studies (available at https://www.
nhlbi.nih.gov/health-topics/study-quality-assessment-tools), (Supplemen-
tary Tables 1 and 2). To evaluate the risk of bias of the studies, two
separate investigators answered several questions with Yes/No/Other
(Cannot Determine (CN), Not Reported (NR) or Not Applicable (NA)).
Afterwards, studies were graded as of “good”, “fair” and “poor” quality
by reaching a consensus between the two investigators.
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3. Results
3.1. Study characteristics

Overall, the database search retrieved a total of 2420 studies, of
which 1522 had their titles and abstracts scrutinized after eliminating
the double publications. In this first evaluation, 1440 studies were
considered not appropriate, by either focusing on adults or not being
related to the main aspects of this review, and we could not have access
to 17 abstracts. The remaining 65 studies were sought for retrieval with
10 articles not being retrieved due to lack of access to full text; 55 ar-
ticles were then submitted to a full-text analysis, which excluded 43
studies: 5 case-reports, 8 whose study subjects were either adults or
children above the age of 16 years old and adults and 30 which didn't
measure the variants we wanted to include in this review. The selected
12 articles consisted of 10 retrospective cohort studies [8-17], 1 pro-
spective cohort study [18] and 1 case-control study [19]. From these, 1
retrospective cohort study [20] was retrieved from their references,
making it a total of 13 studies included in this systematic review (Fig. 1).
Articles were published between 1985 and 2022 and conducted in USA,
UK, Singapure, Turkey, Iraq and Afghanistan.

3.2. Brain injury and arterial blood pressure

Ten studies assessed the effect of brain injury in arterial blood
pressure. Coates BM, et al. demonstrated that, while in older children
hypotension might be defined as it is in adults (Systolic Blood Pressure
(SBP) < 90 mmHg), in younger children the classic definition might
overestimate its incidence following brain injury, with SBP < 5th
percentile for age being a better definition of hypotension and a better
representation of poor outcome [8]. Regarding the correlation between
outcomes and the timing of hypotension, Young AMH, et al. states that
the development of hypotension (Mean Arterial Pressure (MAP) < 70
mmHg) in a pre-hospital setting is associated with higher intracranial
pressure (ICP) during the first 3 days of monitoring, in comparison to
those who didn't develop pre-hospital hypotension (p = 0.01) [9]. This
could be explained by an early hypoxemic insult, triggering an acute
response culminating in cerebral edema, a rise in ICP and poor outcome
[9]. These findings are in accordance to those of Coates BM, et al. which
state that the development of hypotension, either in the field or in the
emergency department, is associated with poor discharge outcome, with
a Glasgow Outcome Scale (GOS) < 4, and field hypotension was asso-
ciated with a longer stay in the Pediatric Intensive Care Unit (PICU) and
in the Hospital [8]. Samant UB, et al. took a step further and limited this
early hypotension effect to the first 6 h following severe TBI (p = 0.006),
where the risk of poor discharge outcome (GOS < 4) peaks at hour 6
(89% of hypotensive children with GOS < 4), while hypotension from
hour 7 to 72 did not increase the risk any further (p = 0.67) [10].

Focusing on the role of hypotension, Yao SHW, et al. confirmed that
patients with SBP < 5th percentile had the greatest percentage of in-
hospital mortality (p < 0.001), with half of the hypotensive patients
dying [11]. Even though it turned out to be not statistically significant in
the adjusted analysis (p = 0.148), in the univariate analysis the presence
of concomitant diastolic hypotension had a higher predictive value for
worse discharge outcome than systolic hypotension alone (p < 0.001)
[11]. This trend in neurological outcomes and mortality could suggest a
role for the establishment of diastolic blood pressure (DBP) and MAP
targets in management of pediatric TBI patients [11]. Erickson's findings
support this last theory by demonstrating that children with a single
measure of MAP<10th percentile in the first 12 h after admission to the
PICU had worse outcomes and highest rates of in-hospital mortality, in
comparison to children with MAP between the 50th and the 94th
percentile [12]. Besides that, his study states that the association be-
tween blood pressure parameters and outcome is stronger when
considering MAP, over SBP, and that different targets should be estab-
lished for the best possible treatment, with MAP ideally above the 10th
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percentile and SBP above the 5th percentile [12].

Suttipongkaset and Vavilala share similar views, both emphasizing
that better outcomes occurred when patients presented with SBP > 75th
percentile, with no further improvements from this threshold [13] in
children below the age of 15 years old, with an increase in mortality
being noticed in children from 15 to 17 years old when SBP > 95th
percentile [14]. In both studies, the most cases of in-hospital mortality
occurred when SBP < 75th percentile, particularly when below the 5th
percentile [14], even when SBP > 90 mmHg [13].

In contrast to Yao's study, in which the majority of hypertensive
patients survived with a good neurologic outcome [11], Johnson‘s
findings report that in-hospital mortality has a U-shape curve distribu-
tion, with both hypotensive (p = 0.01) and hypertensive patients with
SBP > 99th percentile (p < 0.01) having the highest 24 h in-hospital
mortality [15]. However, once deaths in the first 24 h were excluded,
there was no longer a statistically relevant association between any
blood pressure category and mortality [15]. An older study by Kanter
used the measure “excess blood pressure — BPe”, expressed in torr,
defined as peak blood pressure in 6 h intervals minus the SBP at the 95th
percentile for age, in comatose children after acute brain injury [16]. His
findings are in accordance to Johnson's work, showing a drastic differ-
ence in poor outcome between children whose BPe never exceeded 20
Torr (13%) versus children whose BPe exceeded 20 Torr (56%) (p =
0.0316) and the longer the period of hypertension, the worse the
prognosis (74% vs 26%, p = 0.0026) [16]. Freeman's study, even though
it found no difference in mortality between normotensive and hyper-
tensive TBI patients (13.3% vs 13.3%, p = 1.0), supporting Sutti-
pongkaset's findings, did observe a trend towards increase mortality,
even if not statistically significant, when comparing mortality in the
95th (15.8%) and 99th percentile groups (14.1%) to mortality in the
90th percentile group (6.7%) [17], which is more in concordance to
Johnson's study. Additionally, it reported a relevant difference when the
outcome was the need for neurosurgical intervention, with the SBP >
99th percentile group needing intervention 59.2% of the time, the SBP
> 95th percentile group 26.3% of the time and SBP > 90th percentile
group 46.7% (p = 0.036) [17].

3.3. Brain injury and cardiac rhythm disturbances

Data regarding the effect of brain injury in heart rhythms and elec-
trocardiographic changes was provided in two studies. According to
Ozdemir D., et al., patients with severe head trauma presented with
longer QTc intervals and a larger QTc dispersion, in comparison to their
control counterparts (p = 0.013 and p = 0.002, respectively) [19], which
is an accordance with Plymale J., which stated that children diagnosed
with brain death had a longer QTc interval (452 ms) versus an average
QTc duration in healthy children (399 ms) [20]. Besides that, children
with severe head trauma were more commonly admitted with electro-
lyte disturbances, namely low serum calcium, potassium and magne-
sium levels [19], which are known to be connected to cardiac
arrhythmias due to a longer QTc interval, causing sudden cardiac death.
An inverse correlation was then found between Glasgow Coma Scale
(GCS) score and serum calcium levels, and to a lesser degree, serum
potassium levels and the previously described ECG alterations [19].
Plymale J., et al. validates these findings by identifying hypokalemia (p
= 0.006) and the male sex (p = 0.003) as independent risk factors for
QTc prolongation in a multivariate analysis [20]. It has also been hy-
pothesized that more severe brain injuries, such as a purely ischemic
brain injury, may be associated with more pronounced QTc pro-
longations [20].

Some mechanisms have been considered for the development of
cerebrogenic arrhythmias leading to sudden death, such has the devel-
opment of a heterogeneous myocardial repolarization, an uncoupling
between the autonomic and the cardiovascular system and a sympa-
thetic stimulation leading to electrocardiographic changes [20].
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3.4. Brain injury and biomarkers of myocardial injury

One study evaluated the prevalence and mechanisms of myocardial
injury by measuring plasma troponin levels in children hospitalized for
TBI [18]. 57.9% of children with isolated TBI had at least one cardiac
troponin I (cTnl) level of >0.4 ng/mL between hospital day 1-10, with it
occurring regardless of age, sex, severity of TBI and types of comput-
erized tomography (CT) scan lesions, and 100% of all elevated c¢Tnl
levels were registered within the first 6 days after admission. One pa-
tient with elevated cTnl and isolated TBI underwent echocardiographic
evaluation which showed an ejection fraction of 41% and mild ven-
tricular akinesis, compatible with NSC.

Age-adjusted admission tachycardia was identified as a risk factor for
myocardial injury after TBI (AUC 0.82, p < 0.001), with it being seen in
72.7% of children with isolated TBI and elevated cTnl levels, which
suggests it might be the most common presentation of myocardial
injury.

The high incidence of myocardial injury in patients with isolated TBI,
and its association with tachycardia, suggests a neurogenic cause due to
high levels of circulating catecholamines, which mainly occurs in the
first 6 days after hospital admission.

3.5. Risk of bias

Quality assessment of the selected studies was done by using the NIH
tools for cohort and case-control studies. Eleven of the selected studies
are retrospective in nature [8-17,20], which can be a source of infor-
mation bias, since they mostly rely on recorded data, making it impos-
sible to control all potential confounders. Another possible source of
information bias are some studies focusing on the effects of arterial
blood pressure, as the investigators were unable to determine the exact
method of blood pressure measurement [10-12,15,17]. Only two
studies justified sample size and calculated study power [10,17], with
most of the studies being single centered and identifying their small
sample of participants as potential threats to internal and external val-
idity [8-14,17,20]. Finally, the lack of blinding in all but two studies
[19,20] presents a potential risk of bias, undermining the validity and
reliability of the results.

4. Discussion

To the best of our knowledge, this is the first systematic review that
summarizes current clinical research on the impact of brain injury in the
systemic hemodynamics, in the pediatric population. The key findings
are the following: (i) a SBP measure below the 5th percentile for age and
sex, particularly in the first 6 h following a TBI, is associated with worse
discharge outcomes; (ii) hypertension, even though it may have a pro-
tective role at a later stage after brain injury, it could be associated with
higher mortality in the first hours; (iii) brain injury could be a potential
cause of longer QTc intervals, which correlates to cardiac arrhythmias;
(iv) NSC was a common found after brain injury, perceived as a rise in
serum troponin levels; (v) age-adjusted tachycardia at the time of
admission might be the most common presentation of NSC.

Neurogenic stunned cardiomyopathy, a cardiac dysfunction syn-
drome neurologically mediated, has been associated with multiple
conditions, such as subarachnoid and intracerebral hemorrhages, sei-
zures and TBI [3]. The most accepted theory for its physiopathology is
the “catecholamine hypothesis”, a sympathetic discharge and an in-
crease in local catecholamines that can cause the opening of calcium
channels, leading to vigourous cardiac muscle contractions and, if
persistent, to myofibrillar degeneration, reperfusion damage, cardiac
cell death and contraction band necrosis [21]. The main manifestations
include left ventricular dysfunction, arrhythmias, hypertension, hypo-
tension, elevation of biomarkers of myocardial damage and ECG
changes, with high morbidity and mortality [4,5,21]. There have been
some studies stating the beneficial effect of beta-blockers in acute TBI
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[22], but no data is available in the pediatric population.

Studies have reported NSC after TBI in adults, with an incidence of
cardiac dysfunction of around 20-25% and abnormal echocardiographic
examination in 22.3% of patients [23]. Additionally, an increase in
serum troponin and creatine phosphokinase-MB (CK-MB) levels within
two weeks after hospital admission should alert physicians for cardiac
dysfunction [23]. Krishnamoorthy's findings are in line with what was
previously stated, with the incidence of early systolic dysfunction
increasing alongside the severity of the TBIL, in both children and adults,
and a younger age and a lower GCS score on admission presenting as risk
factors [24]. Children following brain injury should be submitted to an
echocardiographic evaluation to rule out cardiac dysfunction, according
to how common this clinical entity is in the adult population, associated
with a limited number of pediatric case-reports [25,26].

Hasanin, besides reporting abnormal echocardiography, hypoten-
sion and cardiac injury in severe TBI patients, adds to the conversation
by analyzing ECG changes, present in a majority of patients, from
abnormal QTc intervals, to tachyarrhythmia and sinus bradycardia [27].
Krishnamoorthy also reported prolonged QTc intervals in almost half of
TBI admitted patients and that both repolarization abnormalities and
tachycardia were associated with cardiac dysfunction in isolated TBIL
patients [28]. A prolonged QTc interval was also found in children after
severe head trauma [19] or diagnosed with brain death [20], which
might suggest a crucial role of an eletrocardiographic assessment to
predict prognosis and prevent a possibly fatal arrhythmia. Beyond that,
Hasanin introduced the neurogenic cardiac injury score (NCIS) calcu-
lated by taking into account the presence of cardiac dysfunction, cardiac
injury and hypotension, reflecting the patient's hemodynamic status and
presenting as a likely useful tool in the pediatric population. In this
study, both myocardial dysfunction and a NCIS score > 1 were associ-
ated with higher mortality [27]. Myocardial injury is also a common
encounter in children, with ¢Tnl levels rising mostly in the first 6 days
after TBI and tachycardia being the most common clinical presentation
[18]. As so, the evaluation of cTnl levels in cases of tachycardia might
alert clinicians for myocardial injury before the permanent establish-
ment of cardiac dysfunction [18].

Hypotension is a common finding following TBI and studies in adults
have suggested that it might occur due to an acute systolic cardiac
dysfunction [24]. It is also a marker of worse prognosis and higher
mortality, as it translates into decreased cerebral blood flow and brain
ischemia [14,29]. While in adults it might be easier to set a target, as
mortality increases as SBP decreases below 120 mmHg [29], in the pe-
diatric population all efforts should be put into trying to raise the SBP >
5th percentile for sex and age, particularly in the first 6 h, as this period
represents a time-sensitive window for therapeutic intervention
[8,10,11]. Erickson also emphasizes the importance of monitoring MAP
in children after severe TBI, since it's an essential factor in predicting
cerebral perfusion pressure (CPP), alongside ICP and, as so, the use of
MAP could be of more advantage than solely SBP when ICP monitoring
is not common or not possible [12]. In these cases, MAP>10th percentile
for sex and age appeared to be the target associated with a better
prognosis [12].

On the other end of the spectrum, while not yet clear in pediatrics, it
appears hypertension could also be a predictor of higher morbidity and
mortality. Zafar described the relation between blood pressure and
mortality, in adults following moderate to severe TBI, as bimodal, with
mortality increasing both when SBP was below 120 mmHg and when
above 140 mmHg [29], similarly to an older study by Butcher [30]. One
possible interpretation is that hypertension generates excessive flow
through the breakdown of the blood-brain barrier, causing hemorrhage,
hyperperfusion injury, infarction and vasogenic edema, due to a failure
of the vascular autoregulation in the injured brain [29]. In pediatrics,
this issue has not yet been vastly studied, with published mixed results.
While most studies did not report worse prognosis when SBP was higher
at admission [11,13,14], Johnson described a U-shaped curve between
mortality and admission SBP [15], Kanter stated that hypertension was a
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Table 1
Description of the included articles in the systematic review.
Author, Year Study Design Age Participants Brain injury CV parameters Relevant statistical Main conclusions Notes on inclusion/
and Country cause and evaluated results exclusion criteria
severity and management of
bias
Patients were
included if they had
HR (p = 0.484) a CT scan
was not predictive confirming cranial
of less favorable (i) Concomitant injuries, a traumatic
outcome (GOS 3-8  MAP and DBP <5th injury with a head
and in-hospital percentile was AIS >3 and an AIS
mortality). more associated < 31in all other
Systolic with poor outcomes organs.
hypotension alone than SBP alone, ina  None of the patients
Yao SHW, et al, . Isolated was 1{1d?pendently univariate analysis, had prehos.pltal
Retrospective HR, SBP, DBP, MAP predictive of less but were advanced airway
(2022), <18y 152 moderate to ; NP : . .
N cohort on arrival to ED favorable outcome insignificant in a interventions
Singapore severe TBI L.

— worse long-term multivariate performed,
neurological analysis. resuscitation drugs
function (p = (ii) Initial age- or fluid
0.015), while adjusted resuscitation prior

diastolic hypotension is to arrival to ED.
hypotension (p = associated with The multivariate
0.148) and MAP poor outcomes. analysis was
hypotension (p = adjusted for age,
0.148) were not. mechanism of
injury and initial
GCS <8.
Severe TBI was
defined as having
. an admission GCS
Co:gf;fld r_[:: ith < 8 and a head AIS
75th-94th > 3. Patients with
ercentile, there head AIS of 6 and
V\lfjas an incr,ease in non-head AIS > 2
in-hospital Admission SBP were excluded.
Suttipongkaset . Subgroup analysis of . p. <75th percentile Results were
Retrospective Isolated severe . mortality in all . . R
P, etal. <18y 10,473 SBP at admission by . was associated with adjusted for age,
cohort TBI groups with lower . R
(2018), USA age SBP (<5th [RR in-hospital sex, GCS score, ISS,
mortality. and need for
3.2]; 5th - 24th R4
e hani
percentile [RR ventrflll::ioinllacj: not
z.i]r;ci::il;e_ [7;;}1 MAP on admission,
P 1.41) ICP, blood gas data,
B glucose,
temperature and
coagulation.
ommoteves Severe ThI was
with defined as GCS < 8
hypertensives at admission. If
thz}? had simila;r patients had SBP <
outcomes. with a 5th percentile for
mortality rate of age Orf
13.3% in both presentation,
: . . received CPR prior
groups. (i) Hypertension on s
s . to or at admission

When the outcome  initial presentation or if GGS > 8 on

was need for is not associated .
. L arrival, they were
neurosurgery, the with morbidity or excluded
99th percentile mortality when '
Freeman AD, Retrospective oup required compared to The need for
et al. (2020), P <18y 150 Severe TBI SBP at admission gr p req . P . neurosurgical
USA cohort intervention normotension. intervention was
59.2% of the time, (ii) Above the 95th defined as
95th group 26.3%, percentile of SBP
placement of an
and 90th group there was a trend intracranial

46.7% (p = 0.036). towards increased ressure

There was also a mortality. 'p . .
trend towards monitoring device,

increased decompressive
mortality in the ecizrcl:;tizﬁl};}
:ri:;?: 9‘9)31 s intracranial
P (15.8% id P hemorrhage, or any

14.1%), versus the
90th percentile

other surgical
intervention.

(continued on next page)
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Author, Year Study Design Age Participants Brain injury CV parameters Relevant statistical Main conclusions Notes on inclusion/
and Country cause and evaluated results exclusion criteria
severity and management of
bias
group (6.7%) but
not statistically
significant.
Poor discharge .
N, (.mg_ (i) MAP <10th
hospital death or percentile in the
. first 12 h after PICU
transfer to nursing admission was
or long-term care associated with Patients were
facilities) most . included if they had
poor discharge ¥ .
commonly confirmation of
; outcome. . .
occurred in (ii) MAP percentile intracranial
children with MAP was morf stronal hemorrhage on
in the <5th e iy head CT and GCS
o 3 .
Erickson SL, Retrospective SBP and MAP during (4e2£c9eﬁzifen?4?)‘:/9 ;h outcome when difir? . :l?eyirp ;;:;J
et al. (2021), P <18y 166 Severe TBI the first 12 h after P o compared to the 8 .
cohort L and the lowest stay, who survived
USA PICU admission . lowest SBP )
proportion of poor ercentile in the the first 12 h after
discharge outcome P first 12 h PICU admission.
occurred in (i) Threshol;is of Analyses were
children with MAP . adjusted for head
. <10.2 percentile
in the 50th-94th for MAP and < 6.7 AIS, non-head AIS,
percentile (4,8%). . . and vasoactive
. percentile for SBP .
SBP was associated . medication use.
with poor provided the
discharge outcome greatest sensitivity
when SBP <5th and specificity for
percentile poor outcome.
Patients were
considered to have
a severe isolated
TBI if their AIS of
head, neck, and
cervical spine was
>3 and all
remaining AIS
scores were < 3.
Hypotension and Patients with a non-
P severe (i) Both traumatic injury
hypertension were hypotension and mechanism,
associated with SBP > 99th primary thermal
increased 24-h percentile were injuries, absent
mortality (p — 0.01 associated with 24- pulse or missing BP
Johnson MA, ty (p=0. h mortality. records were
. Isolated or and p < 0.01) but .. .
et al. (2018), Retrospective . . (ii) Neither excluded.
<18y 740 predominantly SBP upon ED arrival once early deaths . .
Iraq and cohort severe TBI were removed hypotension nor Multivariable
Afghanistan there were no’ severe analysis included
longer differences hypertension were the following
ign mortali associated with in- variables: age,
accordin tt}; hospital mortality gender, AlS-head,
arrival SgBP after accounting for 1SS, arrival 02
cateories early deaths. saturation, arrival
8 . SBP, intubation,
volume of blood
product transfused,
neurosurgical
interventions, days
on ventilator, PICU
stay, total hospital
days, death in the
first 24 h and in-
hospital mortality.
The prevalence of (i) Myocardial . .
elevated cTnl injury with P atients with .
(>0.4 ng/mL) elevation of ¢Tnl evidence of TBI in
cTnl levels in the first whicl; showed I’IO occurs mostly in the CT scan of the head,
10 days of hospital L Y . that were
stay and HR, SBP and significant 6 days following hospitalized in the
Lele AV, et al. Prospective Mild to severe . differences by age brain injury.
<18y 28 echocardiography .. . PICU, were
(2020), USA cohort TBI . Sy group, sex, (ii) Age adjusted .
evaluation within 24 . . included. Pregnant
h of plasma c¢Tnl severity of TBI,and  tachycardia is a risk minors. patients
plasm types of CT lesions, factor for . » P
sampling. o s with ongoing CPR
was 57.9% in myocardial injury. or with brain death
isolated TBI. (iii) Elevated

100% of all

troponins might be

were excluded.

(continued on next page)
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Author, Year
and Country

Study Design

Age

Participants

Brain injury
cause and
severity

CV parameters
evaluated

Relevant statistical
results

Main conclusions

Notes on inclusion/
exclusion criteria

and management of

bias

Ozdemir D,
et al. (2005),
Turkey

Samant UB,
et al. (2008),
USA

Coates BM,
et al. (2005),
USA

Case-control

Retrospective
cohort

Retrospective
cohort

<18y

<18y

<14y

92 (49 control

subjects —

children with

no or mild
TBI; and 43

case subjects

— children
with severe
TBI)

146

Severe TBI

Severe TBI

Severe TBI

QTc interval at
admission

Time of hypotension
(SBP <5th percentile
for sex and gender)
through the first 72 h
after TBL

Definition of
hypotension and time
of hypotension in the

ED, field and PICU.

elevated cTnl
levels occurred
within the first 6
days of admission.
Age-adjusted
tachycardia was
seen in 72.7% of
patients with
isolated TBI who
had high levels of
¢Tnl (p < 0.001).

A prolonged QTc
interval (>440 ms)
‘was more
frequently found in
case subjects
(37%) than in
control subjects
(6%).

The levels of
calcium,
potassium and
magnesium at
admission were
significantly lower
in the patients with
severe head
trauma (p = 0.001,

p=0.019,p=
0.027,
respectively).

The risk of poor
discharge outcome
(GOS < 4) was
higher with
hypotension,
specially in the
first 6 h following
injury (RR 2.0,
95% IC 1.3-3.3) vs
hypotension
occurring from
hour 7 to 72 after
the head trauma
(RR 1.2).

SBP < 5th
percentile for age,
when compared to
SBP < 90 mmHg,

was a better
predictor of poor
outcome (hospital
length of stay OR
18.8 vs OR 14.0).
28% children who
developed
hypotension either
in the field or in
the ED presented
with hypotension
in the PICU, whilst
new-onset PICU
hypotension only

associated with
cardiac-cerebral-
renal dysfunction.

(i) Children with
severe head trauma
were more
associated with
prolonged QTc and
QTc dispersion
values than the
control subjects.
(ii) Children with
severe head trauma
had more
electrolyte
abnormalities
(hypocalcemia,
hypokalemia) than
children with no or
only mild head
trauma.

(i) The relationship
between
hypotension and
poor discharge
outcome peaked at
hour 6 and, beyond
that, the risk of
poor outcome did
not increase.
(ii) Hourly
assessment of SBP
in the first 6 h can
be a reliable
predictor of
discharge
outcomes.

Early hypotension
(defined by SBP <
5th percentile) was
a better predictor of
poor outcome
(discharge GOS < 4
or discharge to a
skilled nursing
facility or death)
than late
hypotension or the
definition of
hypotension as SBP
< 90 mmHg.

Cases were defined
as patients with
severe head trauma
with a GCS < 12
and controls were
children with no or
mild head injury
after blunt head
trauma (GCS
14-15) and a
normal CT scan.
The patients were
excluded if they had
cardiac or
endocrine diseases,
renal failure,
previous
neurological or
intracranial injury,
if they were taking
any drugs that
affected QT interval
or if they had
received a diuretic
or were receiving
adrenergic agents
prior to the blood
sampling and ECG.

Severe TBI was
defined as head AIS
> 3.
Children who died
or were extubated
in the ED, who had
GCS > 9 at
admission of PICU,
or who were
admitted >72 h
after injury were
excluded.
Results were
adjusted for head
AIS.

Severe TBI was
defined as head AIS
> 3. Children who
died, were
extubated in the ED
or had PICU
admission GCS > 9
were excluded.
Results were
adjusted for the
following potential
confounders: age,
gender, hypoxia,
hypocapnia,
hypercapnia,
hyperglycemia,
hyperthermia in the

(continued on next page)
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Author, Year Study Design Age Participants Brain injury CV parameters Relevant statistical Main conclusions Notes on inclusion/
and Country cause and evaluated results exclusion criteria
severity and management of
bias
occurred in 9% of ED or PICU, ISS and
patients. extracranial AIS.
The greatest
number of good Patients were
outcomes (GOS included if they had
4-5) occurred once an ED GCS < 9,
SBP > 75th The odds for a good diffuse intracranial
percentile, with no outcome increased injury diagnosed by
further once SBP > 75th CT scan of the head
Vavilala MS improvement in percentile. Even if and isolated TBI,
et al. (200 3’) Retrospective <14 172 Severe TBI SBP on arrival to the outcome after that. the SBP > 90 defined as AIS for
iJS A ’ cohort 4 ED Children with SBP mmHg but below other injuries <2.
> 90 mmHg but the 75th percentile, Results were
lower than the children had a 4- adjusted for
75th percentile time greater risk of hypothermia,
had a higher risk of a poor outcome. intentional injury,
poor outcome age and gender but
(GOS < 4) (OR 3.5) not coagulopathy or
and death (OR ICP.
4.6).
Children with pre- Pre-hospital
hospital hypotension should Patients were
Young AMH, Retrospective 6m- TBI (severity not Pre—hospl.tal hyPotenmon had a aler't phySI.aan for included if they had
et al. (2018), 39 . hypotension higher mean ICP higher risk of ..
cohort 15y mentioned) ) . a clinical need for
UK (MAP<70 mmHg) over the first 3 complications L.
- . ICP monitoring.
days of monitoring regarding ICP
(p = 0.01). control.
Patients with severe
pre-existing
conditions or
comorbidities and
those receiving
medications known
to prolong QTc
. . were excluded.
() Previously Univariate linear
A multivariate healthy children .
. 3 . regression models
analysis showed admitted with a were used to
Brain death by that lower diagnosis of brain
. . . evaluate for
anoxic brain potassium levels death had a correlation between
Plymale J, et al. Retrospective injury, trauma QTc interval closer in (p = 0.006) and prolonged QTc
<18 37 . . . . QTc and
(2010), USA cohort subarachnoid time to admission male sex (p = interval vs average
.. . electrolytes, pH,
injury or any 0.003) were QTc in healthy
. X . temperature, sex,
other cause associated with children. brain inju .
longer QTc (ii) The more severe yury type,
. . and ventricular
intervals. the brain injury, the .
longer the QTc function.

’ Significant
indepen- dent
variables were
entered into a

multivariate
regression model
predicting QTc
duration.
Only 13% of the
infants whose BPe Patients who died
never exceeded 20 (i) hypertension is a from circulatory
Torr had a poor P failure were
common severe
result, compared findine in children excluded.
Hypertension (BPe, to 56% of the after t%rain iniu A good outcome
Comatose expressed in torr, children whose i) s stemjicry‘ was defined as
patients (GCS < defined as peak blood maximal excess 4 . . normal or moderate
7) with reye's pressure in 6 h blood pressure hypertension, with deficit not
Kanter RK, et al. Retrospective 6w- . . SBP > 20 Torr over . . .
(1985), USA cohort 14 42 syndrome, TBI, intervals minus the surpassed 20 Torr the 95th percentile interfering with
’ y brain anoxia or SBP at the 95th (p = 0.0316). . P . independent life
. can identify the .
central nervous percentile for age) When atients at risk of function and a poor
system infections during PICU stay, hypertension P outcome was
. permanent )
every 6 h persisted after netrologic defined as a severe
PICU discharge, R 8 deficit that would
disability and . .
the outcomes were death interfere with

poorer in 74% of
cases, while when
BP was normalized

independent life
function or death.

(continued on next page)



M.J. Silva et al.

Table 1 (continued)
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Author, Year Study Design Age Participants Brain injury CV parameters Relevant statistical Main conclusions Notes on inclusion/
and Country cause and evaluated results exclusion criteria
severity and management of
bias
before PICU

discharge, the
outcomes were
worse in only 26%
of cases (p =
0.0026).

TBI - Traumatic Brain Injury; HR - Heart Rate; BP - Blood Pressure; BPe — Excess Blood Pressure; SBP - Systolic Blood Pressure; DBP - Diastolic Blood Pressure; MAP -
Mean Arterial Pressure; cTnl - Cardiac Troponin I; ECG — Electrocardiogram; ICP - Intracranial Pressure; ED- Emergency Department; PICU - Pediatric Intensive Care
Unit; CT - computerized tomography; CPR - cardiopulmonary resuscitation; AIS - Abbreviated Injury Scale; GCS - Glasgow Coma Scale; ISS - Injury Severity Score; GOS

- Glasgow Outcome Scale; RR- Relative Risk; OR - Odds Ratio.

common and fatal finding in children after brain injury, predicting
permanent neurological damage and death [16], and, finally, Freeman
revealed a higher need of neurosurgical intervention as SBP rose and a
trend towards increased mortality [17]. While this hypertensive
response after TBI may arise from an excess of circulating cathecol-
amines, it could also reflect the children's capacity to preserve, even in
early shock, stable blood pressure and vascular tone [15]. After TBI,
changes in cerebral perfusion are assumed to occur over a certain length
of time: firstly, there is a period of hypoperfusion, with ischemic levels of
cerebral perfusion, followed by a phase of hyperemia, increasing ICP
and, finally, a phase of recurrent ischemia with vasospasm [31]. While it
may seem that early hypertensive episodes could be neuroprotective, by
boosting cerebral perfusion pressure, it may also play a role in desta-
bilizing developing clots, increasing edema and ICP [15].

The development of larger prospective studies in children following
TBI is of crucial importance, as to increase the available literature and,
consequently, drawing more conclusions when comparing the pediatric
and adult populations.

4.1. Limitations

There are some limitations in the present systematic review. Firstly,
relying almost only on retrospective studies can be problematic as they
are more prone to biases and may not provide as strong evidence as
prospective studies. Secondly, the studies included mainly focused on
TBI, neglecting the other possible causes of brain injury in the pediatric
population, making it difficult to extrapolate our conclusions based in
traumatic causes to others. Thirdly, the studies lacked homogeneity
concerning the definition of the population under evaluation, using
different scales and cutoffs to determine severity (Table 1). Finally, some
of the studies did not exclude, or include in their adjusted analysis,
variables that could potentially influence the exposure in question
(Supplementary Tables 1 and 2).

5. Conclusions

This is the first systematic review to report cardiovascular abnor-
malities arising from brain injury, hypothesizing their pathophysiolog-
ical mechanisms and possible role as prognostic factors. Hypotension
turned out to be a common finding in children after brain injury, asso-
ciated with worse prognosis. Even though the relationship between
hypertension and outcome still requires further investigation, we can
infer that there seems to be a trend towards increased mortality as
arterial blood pressure rises. As so, efforts should be focused on keeping
the SBP between the 5th and the 95th percentiles for age and sex. Be-
sides that, early aberrant ECG alterations appear to be a common finding
in patients after brain injury, which is why an early electrocardiographic
assessment can be of crucial importance, as to prevent future arrhyth-
mias. Lastly, although only a few studies have focused on the incidence
of cardiac dysfunction following brain injury in the pediatric population,

taking into account how common it is in adults and how it can be used to
prevent permanent cardiac damage, an echocardiographic evaluation,
as well as the measure of serum biomarkers for myocardial injury,
should be established. Future larger studies are required to validate our
findings and lay foundation for a better clinical practice with improved
treatment strategies.
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Abstract

Objective: Heart Rate Variability (HRV) is known to reflect the sympathetic/parasympathetic interaction on
several physiological and pathological conditions such as the cardiac activity responsiveness to physiological and
environmental stimuli. Therefore, it has been widely used to assess nervous autonomic fluctuations and their
influence on sinus node. Studies on children have demonstrated the correlation between HRV and different
parameters like age, gender, physical activity and autonomic diseases whereas little evidence exists of the effects of
surgery and residual anesthesic drugs on HRV. The aim of this study was to define the possible role of minor
surgery in HRV in healthy children.

Design: Observational prospective cohort study.
Setting: Pediatric Surgery Department of a tertiary, university-affiliated hospital.
Patients: 47 healthy children who were scheduled for elective minor surgery.

Measurements and main results: HRV measurements of 10 to 15 minutes were obtained before and after
surgery, using a Holter recorder and the BioSigBrowser® software. Results showed significant differences in HRV
time domain indices before and after surgery in younger patients and in frequency domain in the older ones. They
also demonstrated decreased HRV indices until one hour after being submitted to surgery in both time domain and
LF parameters, reflecting a parasympathetic withdrawal and sympathetic predominance. Differences were also
found when analyzing other variables such as anesthetic drugs.

Conclusion: This study demonstrated that surgery has impact on Autonomic Nervous System function in healthy
children but, independently of anesthetic drugs, type of surgery, age and existence of pain 60 minutes after surgery
no difference in HRV measures was found and autonomic homeostasis was re-established. However, further
investigation in this area is required in order to a better support of the role of HRV monitoring on early prognosis
prediction and risk stratification in the surgical context.

Keywords: Heart rate Variability; Autonomic nervous system;
Children; Surgery; Anesthesia; Healthy

Introduction

Heart Rate Variability (HRV), defined as the variation of the
interval between consecutive R peaks of the electrical heart beat signal
obtained through the electrocardiogram (ECG) reflects the hearts
capacity to respond to physiological and environmental stimuli [1,2].
Heart Rate Variability is widely accepted as a valuable tool to
investigate the sympathetic and parasympathetic contribution to
regulation of heart rate rhythm. Variations in heart rate may be

evaluated by a number of methods (Task Force, 1996). Time and
frequency domain measures, determined by either the heart rate or the
intervals between successive normal complexes, are a widely used tool
in the investigation of autonomic cardiovascular control.

Three main spectral components are distinguished and usually
differentiated in the spectral profile (Task Force, 1996): (a) the high
frequency (HF) band (0.15 to 0.40 Hz); (b) the low frequency (LF)
band (0.04 to 0.15 Hz); and (c) the very low frequency (VLF) band
(<0.04 Hz). Evidence suggested that HRV was a tool to understand the
interplay between the sympathetic and parasympathetic nervous
system on the regulation of cardiac activity and on assessing cardiac
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health [3,5], so it was used as a marker of nervous autonomic
modulation of sinus node [4], providing an insight into several
conditions and enhancing risk stratification [2,5].

Reyes del Paso et al. [6], made a critically review of the state of
research challenging the suitability of the LF component of HRV as an
index of cardiac sympathetic control and the LE/HF ratio as an index
of sympathovagal balance. They concluded that all HRV components
predominantly relate to vagal control. However, it does not imply that
they provide the same information about autonomic regulation. Each
HRV component provides information about different physiological
control mechanisms. HF oscillations relate to respiratory influences
what reflect effects of respiration on heart rate (HR), also referred to as
respiratory sinus arrhythmia (RSA). LF oscillations provide
information about blood pressure control mechanisms such as the
modulation of vasomotor tone including the so-called 0.1 Hz
fluctuation. VLF power is related to kidney functioning and
thermoregulation, meaning that HRV also gives information about
sympathetic mechanisms (e.g., vasomotor tone fluctuations, rennin-
angiotensin system) which manifest resonant phenomena through
cholinergic oscillations in the sinus node [6].

Healthy children have higher ranges of normal respiratory rate and
heart rate when compared to adults, which can interfere with
Autonomic Nervous System (ANS) analysis [7,8]. Some authors
suggest different ranges for heart rate and respiratory rate cited in
international paediatric guidelines [8]. Since children can breathe at
higher rates than 24 cpm we also calculated HFn+ corresponding to
frequencies higher than 0.15 Hz (defined later) and can include all
high rates of breathing.

Factors known to influence HRV indices includes age, gender, and
physical activity [1] or non-physiological conditions, such as smoking,
alcohol and drugs [3,5].

The main objective of the ANS is the maintenance of cardiovascular,
respiratory, metabolic and thermal homeostasis, representing the
primary defense against any internal or external factor jeopardizing
systemic homeostasis [5]. The measurement of HRV from the ECG is a
bedside, non-invasive and easy to perform method, which, by
reflecting the balance of the ANS regulation of heart rate, detects the
presence of ANS dysfunction [5].

In children, several studies have shown reduced or delayed cardio-
vagal development in different pathologies such as diabetes mellitus
[6-8], respiratory distress syndrome of the new-born [9-11], brain
death [12] and sudden infant death syndrome [13,14]. There is also
evidence of low HRV in functional pain conditions, anxiety and
emotional disorders, which may indicate HRV as a potent biomarker
of general stress and health [15-18].

Concerning the post-operative period, it is known, in adults, the
correlation between ANS dysfunction and life-threatening
complications after surgery [19-21]. The effect of anesthetics per se also
affects ANS function. The ANS dysfunction represents a serious source
of anesthetic risk affecting the outcome of patients undergoing surgery

[5].

The aim of this study was to define the possible role of surgery in
HRV in healthy children by HRV assessment both before and after
minor surgery (76.7% correction of phimosis and/or inguinal,
umbilical or abdominal wall hernia), accounting for several of its
dimensions, namely, drugs involved, pain, airway access and surgical
stress [5].

Methods

Study design

This observational prospective cohort study included a convenience
cohort population of children who were scheduled for elective minor
surgery at the Pediatric Surgery Department of a tertiary hospital, Sao
Joao Hospital Center in Oporto, between September and November of
2015.

The study was conducted according to the Declaration of Helsinki
and the Ethics Committee approved the project protocol. Written
informed consent was obtained from the parents.

Sample

Participants included 47 subjects: 35 aged between 4 to 6 years (10
females and 25 males) and 12 aged between 14 to 16 years. Only
healthy children, defined as children without any known congenital or
chronic disease were enrolled in the study. Subjects under daily
medication were also excluded.

Study measurement

HRV was assessed by high resolution 12 lead ECG acquired with a
Holter H12+ Mortara recorder, exported using SuperECG propriety
software from Mortara Rangoni, Italy and the BioSigBrowser software
(BSB) [22,23]. Measurements of 15 minutes (min) were tentatively
obtained at two different moments: the first before surgery, with the
child seated in 45 degrees chair in the preoperative holding area and
the second in the post-anesthesia care unit, with the subject still lying
on the bed at 30 degrees. Both environments were dark and quiet. The
time elapsed from the end of the anesthesia until the second HRV
measurement was also registered.

Other study variables

Other varjables were assessed as possible determinants, including
physical activity [measured in hours per week (hours/week)] and Body
Mass Index (BMI), calculated using the formula weight (Kg)/[height
(m)] [2]. The percentiles of BMI were defined according to the growth
charts developed by the National Center for Health Statistics in
collaboration with the National Center for Chronic Disease Prevention
and Health Promotion 2000 [21].

Pain after surgery was quantified in younger children according to a
pain numeric rating scale (NRS) and in the older ones a visual analog
scales (VAS).

Respiratory Rate (RespR) before and after surgery was collected.
Heart Rate (HR) in beats per minute (bpm) and Systolic Blood
Pressure (SBP) in mmHg before and after surgery were also collected
and the difference between the pre and post-surgical values were
calculated.

Information regarding the type of anesthesia and drugs used during
the procedure was obtained from the anesthetic report.

In order to compare the differences between age and gender, the
sample was divided into three groups: group A (n=10) including girls
from 4 to 6 years old (yo), group B (n=25) including boys from 4 to 6
yo and group C (n=12) corresponding to male adolescents aged
between 14 and 16 yo.
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Data analysis

The graphical interface BSB [25] was used to perform the automatic
ECG annotation and beat-to-beat series extraction. Namely, a
multiscale wavelet-based ECG annotator previously developed and
validated [26] was applied to obtain single lead (SL) based annotations
and multilead based peak annotations obtained as the median mark of
the 8 SL annotators for R peak from leads I, III, V1-V6. The interval
RR(n) related to the nth beat is defined as the time from (n-1)th to the
nth beat measured between consecutive R multilead based annotated R
peaks.

The graphical interface BSB [22] was also used to obtain both “time
domain” and “frequency domains” HRV measures following the
standards defined by Task Force of the European Society of Cardiology
and the North American Society of Pacing and Electrophysiology [2].

Series were then divided in short segments of a fixed duration of 5
min.

Each segment of analysis was detrended using the approach
proposed by Tarvainen [28]. Series were assumed to be equally
sampled at the local mean heart rate, as this has been shown acceptable
for spectral analysis for frequencies far from Nyquist frequency [29].

HRV “time domain” local measures [2] were obtained over each
available 5-min segment and includes “% HRM™: mean heart rate
(beats/min); “% SDNN”: standard deviation of normal-to-normal
(NN) intervals (milliseconds-ms); “% RMSSD”: square root of the
mean squared differences of successive NN intervals (ms) and
“pNN50”: the NN50 count divided by the total number of all NN
intervals (%).

“Frequency domain” techniques, using a fast Fourier transform
method applied to 5-min recording allow to estimate a spectrum in
which two major bands of frequency assess ANS activity: low
frequency (LF) band, from 0.04 to 0.15 Hz, is the expression of

baroreceptor-mediated regulation and is mainly due to the
contribution of sympathetic discharge; high frequency (HF) band,
from 0.15 to 1.4 Hz, reflects the modulation of vagus nerve discharge
caused by respiration [2]. We calculate also HFn+ (>0.15 Hz) since
small children breathe faster and the window spanning of HE-HRV
from 0.15 to 0.4 Hz could not be appropriate. This was calculated by
the formula HFn + (TP-VLE-LF)/TP.

Welch method in 64 points windows, with 50% overlap and 512
points for fast Fourier transform estimation was used over each
segment. Non parametric (np) measures were taken as the power in
each standard band (LF_np, HF_np), measured as the area under the
spectra. LFn_np and HFn_np are power measures respectively at LF
and HF bands, normalized by power in the band above 0.04 Hz, which
is TP_np-VLF_np. Autonomic balance (B_np) was obtained as LF_np/
HF_np and reflects the sympathovagal balance [5]. These measures
were taken in normalized units.

Statistical analysis

Descriptive statistics are reported as frequencies for categorical
variables and median (iIQR) or (minimum-maximum) for continuous
variables. Patient and clinical characteristics were compared using Chi-
square test or Fisher's exact test, as appropriate, for the categorical
variables and Wilcoxon rank sum test or Kruskall Wallis test for
continuous variables. All data were analyzed using SPSS ver. 22 (SPSS,
Chicago, IL, USA). A P-value less than 0.05 were considered
statistically significant.

Results

Characterization of each group relative to the parameters evaluated,
including age, weight, BMI, physical activity, surgery duration and pre
and post-surgical HR, respiratory rate (RespR) and systolic blood
pressure (SBP) is shown at Table 1.

SBP [S)urgte'ry Respiratory Rate Heart Rate
Physical (mmHg) uration | (cpm) (bpm)
Group Age Weight BMI Activi (min)
5 ctivity

(n) (yo) (kg) (kgim?) | rsiweek)

Before After Before After Before After

Surgery Surgery Surgery Surgery Surgery Surgery
A 5 20 15 2 99 102.5 36.5 19.5 18 94 100.5
(10) (4-6) (18-28) (13.6-16.8) | (0-3) (86-112) (90-111) (23-56) (17-28) (15-25) (76-109) (83-127)
B 5 20 15 1 98.5 104 29 20 19.5 88.5 91
(25) (4-6) (11-34) (11-29.9) | (0-3) (86-120) (84-123) (18-103) (16-26) (13-23) (61-110) (72-113)
C 15 64.5 20.9 4.5 124 126 29 18.5 17 75 71.5
(12) (14-16) (44-104) | (16.3-32.1) | (2-10) (100-142) (105-137) | (12-130) (14-23) (13-24) (61-108) (51-101)
Total 6 21 15.8 2 104 106 29 19 18 88 88.5
(47) (4-16) (11-104) | (11-32.1) | (0-10) (86-142) (84-137) (12-130) (14-28) (13-25) (61-110) (51-127)
Values are expressed as median (minimum-maximum)

Table 1: Description of the sample and assessed variables.

When analyzing the nature of the surgeries, 76.7% of patients had
phimosis and/or hernia correction (inguinal, umbilical and abdominal
wall), three patients (11.6%) had winged ear correction, three (7.0%)
cutaneous lesion extraction and two (4.7%) excision of sacroccygeal
cyst.

Participants BMI was categorized according to CDC Growth Charts
into percentile<5 (n=5; 10.6%), percentile 5 to percentile 85 (n=34;
72.3%) and percentile>85 (n=8; 17%).
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Physical activity was divided in three groups: less than 2 hours/week
(n=32; 68.1%), 2 to 5 hours/week (n=10; 21.3%) and more than 5
hours/week (n=5; 10.6%).

When studying the influence of physical activity, three groups were
formed: children who practiced less than 2 hours/week (n=32; 68.1%),
children who practiced from 2 to 5 hours/week (n=10; 21.3%) and
children who practiced more than 5 hours/week (n=>5; 10.6%).

They were also divided according to surgery duration into three
groups: those whose surgery lasted less than 30 min (n=26; 55.3%),
those surgeries lasted from 30 to 60 min (n=17; 36.2%) and those
whose surgery lasted more than 60 min (n=4; 8.5%). The median time
of surgery duration in minutes was 29 ranging from 12 to 130 minutes
and with IQR of 26 and 40 minutes.

Concerning the effect of time between surgery and the second
measurement of HRV and in order to simplify the analysis,
participants were divided in three groups: those whose measurement
was performed in less than 30 min (n=15; 31.9%) after surgery, those
in which it was performed from 30 to 60 min after surgery (n=23;
48.9%) and those whose measurement was taken more than 60 min
after surgery (n=9; 19.1%). The median time between registration and
surgery in minutes was 43 (22-57) minutes ranging from 7 to 115
minutes.

Pain after surgery was reported only in 17 (36.2%) cases with a
similar distribution between groups A, B and C.

With regard to the anesthesia, all of the participants from A and B
group were submitted to induction with sevoflurane, ten of them were
also submitted to fentanyl (eight from A group and two from B group)
and none of them were submitted to propofol. In C group, sevoflurane
was used to induce anesthesia in nine cases, associated to fentanyl in
eight of them and to propofol in six. Three cases were submitted to
intravenous induction with propofol and, in one of them, in
association to fentanyl. In summary, sevoflurane was used in 44
subjects, propofol in nine and fentanyl in seventeen.

The values of HRV parameters comparing the different groups (A, B
or C) before and after surgery are expressed in Table 2. Group A (girls
from 4 to 6 yo) and group B (boys from 4 to 6 yo) presented significant
lower values of HRV in the time domain measures after the surgery
while no difference was found in spectral components except for
Group B that showed a significant decrease of HFn+. On the other
hand, group C (boys from 14 tol6 yo) showed a decrease in HF
component, non-significant in HFn but significant in HFn+, and an
increase in LFn values after surgery and, consequently, in balance (B).
Furthermore, no significant differences were found in the time domain
measures. Globally, significant differences were found for HRV
decrease in the time domain measures and HFn+ component and an
increase in LF component.

Group Difference P

(n) Measure Before surgery After surgery (before-after) (Wilcoxon test)
SDNN 57.6 (48.6-70.8) 42.3 (24.3-54.5) 25.2 (-0.1-30.2) 0.037"
RMSSD 40.0 (19.6-60.8) 20.1 (11.6-32.2) 22.5 (2.6-39.0) 0.013"
pNN50 11.4 (2.5-19.4) 2.4 (0.2-10.2) 10.8 (-0.3-15.3) 0.028"

'{‘10) LFn 1.7 (1.4-3.5) 1.9 (1.5-3.1) 0.2 (-0.3-1.4) 0.553
HFn 38.6 (24.8-50.5) 37.9 (24.7-64.7) -0.1 (-5.9-7.9) 0.959
B(LF/HF) 0.07 (0-0.1) 0.1 (0.0-0.1) 0.0 (-0.07-0.06) 0.914
HF+ 0.98 (0.97-0.99) 0.98 (0.97-0.99) -0.001 (-0.01-0.01) 0.646
SDNN 66.6 (58.6-85.2) 52.9 (40.4-84.6) 14.9 (-2.3-27.4) 0.028"
RMSSD 56.2 (41.3-71.3) 29.3 (16.9-71.8) 18.2 (7.6-42.8) 0.011"
pNN50 22.2 (16.1-34.3) 5.6 (0.9-27.5) 13.1 (1.2-23.7) 0.004"

:325) LFn 1.7 (1.4-2.3) 1.9 (1.3-3.9) -0.2 (-1.3-0.3) 0.072
HFn 30.9 (24.4-40.9) 37.9 (28.5-48.1) -1.8 (-18.7-5.3) 0.166
B(LF/HF) 0.1 (0.04-0.10) 0.1(0.0-0.1) 0.0 (0.0-0.0) 0.221
HF+ 0.98 (0.97-0.99) 0.97 (0.96-0.99) 0.005 (-0.002-0.15) 0.026"
SDNN 76.4 (52.3-93.2) 65.7 (44.5-98.3) -4.6 (-22.5-21.6) 0.638
RMSSD 43.7 (18.5-69.7) 22.1 (16.4-78.9) 2.9 (-42.8-24.6) 0.875

8 2 pNN50 17.6 (2.4-42.3) 3.3 (0.9-36.7) 3.1 (-7.6-13.8) 0.583
LFn 6.2 (3.9-9.8) 8.9 (5.6-26.2) -4.1 (-14.7-0.2) 0.023"
HFn 61.8 (42.2-70.7) 59.8 (52.4-63.9) 1.9 (-14.2-14.2) 1
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B(LF/HF) 0.1 (0.1-0.19) 0.2 (0.1-0.4) -0.07 (-0.3-0.0) 0.017"
HF+ 0.93 (0.89-0-96) 0.90 (0.78-0.96) 0.03 (0.004-0.15) 0.028"
SDNN 66.6 (55.4-80.8) 53.6 (39.6-78.1) 9.4(-5.5-28.5) 0.021"
RMSSD 48.6 (35.7-70.7) 23.4 (15.9-50.6) 17.7 (-3.6-36.7) 0.003"
pNN50 18.9 (10.1-32.8) 3.9 (0.9-25.3) 422 (-1.1-18.7) 0.00"
Al LFn 2.1(1.6-5.0) 2.8 (1.6-5.0) 6.3 (-2.4-0.3) 0.024"
HFn 39.1 (26.2-50.5) 43.2 (31.2-62.2) 61.5 (-16.8-7.8) 0.288
B(LF/HF) 0.1 (0.05-0.1) 0.10 (0.0-0.1) 0.1 (-0.05-0.0) 0.272
HF+ 0.98 (0.95-0.99) 0.97 (0.94-0.98) 0.06 (-0.002-0.02) 0.005"
Values are expressed as median (IQR-interquartile range); “Significant difference between measures before and after surgery (p<0.05)

Table 2: HRV parameters by age and gender.

No significant difference was found on HRV measures when
comparing them by BMI percentile.

With respect to physical activity influence on HRV parameters
before and after surgery, statistically significant decreases were found
in the time domain measures in children who practiced less than 2
hours/week (SDNN: 63.3 (53.4-76.8) versus 51.2 (40.6-73.9), p=0.02;
RMSSD: 48.6 (36.6-65.8) versus 23.4 (15.2-48.9), p=0.003; pNN50: 19.4
(10.2-32.5) versus 3.7 (0.8-21.4), p=0.002). No other significant
findings related to physical activity were observed.

Comparing the groups by the surgery duration significant
differences were observed between pre and post-surgical HRV values
only in the group in which it lasted from 30 to 60 min and in time
domain parameters, with decreased values in SDNN [62.9 (54.3-70.2)
versus 36.1 (26.9-53.6), p=0.002], RMSSD [46.3 (27.3-62.0) versus 17.1
(12.5-20.1), p=0.001] and pNN50 [14.8 (6.3-20.6) versus 0.58 (0.3-2.4),
p=0.001]. No differences were found in the frequency domain
parameters in any of the groups.

When analyzing the effect of the time occurred since the end of the
surgery until the measurement of HRV (Figure 1), a statistically
significant reduction in RMSSD [43.3 (19.7-52.1) versus 19.2
(12.7-32.1), p=0.003] and pNN50 [12.6 (2.5-26.4) versus 7.2 (1.9-12.2),
p=0,005] was observed in those patients whose HRV measurement was
taken in less than 30 min after surgery. Those whose measurement was
taken between 30 to 60 min after surgery presented a statistically

significant decrease in pNN50 [28.7 (14.7-38.8) versus 8.4 (1.3-28.8),
p=0.036] and LF [29.9 (23.8-39.4) versus 3.2 (1.6-5.3), p=0.013].
Beyond these, no other significant differences were found in the other
HRYV measures related to time after surgery.

The patients who have reported pain after surgery (Figure 2)
showed a significant decrease in all time domain indices [SDNN: 63.3
(51.1-83.1) versus 48.7 (38.3-60.1), p=0.031; RMSSD: 44.1 (29.6-74.4)
versus 19.2 (15.2-33.6), p=0.011; pNN50: 20.7 (6.3-36.4) versus 2.1
(0.5-11.9), p=0.002] while in those with no reported pain only pNN50
was significantly reduced [18.5 (12.9-32.5) versus 6.6 (0.9-28.5),
p=0.043].

Analysis of propofol and fentanyl influence on HRV is presented in
Table 3. Most of the patients (93.6%) were submitted to sevoflurane
(only 3 were not) so the results of HRV parameters on sevoflurano are
very similar to the general population posted on Table 2. In the group
in which propofol was used there was only significant differences in
LFn component, in balance (B) and in HFn+. Nevertheless, time
domain parameters revealed to be significantly different among those
cases in which propofol were not used during anesthesia. All patients
that were submitted to propofol were from C group, they presented
lower values of HR before and after surgery than the others were not
submitted to propofol and HR lowered after surgery. SBP was lower in
the patients who did propofol also.

Measure Before surgery After surgery p (Wilcoxon test)
HR 76 (68-106) 71 (60-88) 0.032"
SBP 127 (119-133) 129 (122-135) 0.889
RespR 19 (15-21) 17 (16-20) 0.669
Propofol
- SDNN 67.9 (49.7-102.9) 59.8 (38.7-109.1) 0.767
n
RMSSD 44.1 (12.9-66.8) 18.1 (15.6-73.8) 0.953
pNN50 17.3 (0.5-41.6) 1.5 (0.6-31.2) 0.953
Yes
9) LFn 7.4 (4.5-10.7) 12.2 (8.0-29.5) 0.038"
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HFn 66.4 (43.3-70.1) 60.6 (47.3-64.2) 0.953
B (LF/HF) 0.1 (0.1-0.2) 0.2 (0.2-0.6) 0.027"
HFn+ 0.92 (0.89-0.95) 0.87 (0.74-0.92) 0.038"
HR 96 (91-102) 99 (89-109) 0.049"
SBP 100 (93-108) 104 (97-107) 0.081
RespR 20 (18-22) 19 (17-22) 0.050"
SDNN 65.3 (56.1-79.9) 51.2 (39.4-78.8) 0,007"
RMSSD 50.9 (36.9-71.0) 25.2 (16.3-52.1) 0.001"
pNN50 19.4 (12.0-32.8) 4.4 (0.9-25.6) 0.001"
LFn 1.8 (1.5-3.6) 2.01 (1.6-3.9) 0.177
HFn 33.7 (24.8-47.8) 39.6 (28.4-59.4) 0.252
B (LF/HF) 0.1 (0.04-0.1) 0.1 (0.0-0.1) 0.573
(N3%> HFn+ 0.98 (0.91-0.99) 0.97 (0.96-0.98) 0.064
HR 87 (77-105) 87 (72-100) 0.489
SBP 112 (99-124) 109 (104-121) 0.571
RespR 19 (18-21) 19 (17-22) 0.073
SDNN 63.2 (50.9-79.1) 53.3 (32.1-75.9) 0.218
RMSSD 41.9 (22.7-53.4) 20.5 (15.4-33.9) 0.033"
pNN50 13.9 (3.9-30.2) 2.9 (0.5-12.5) 0.011"
LFn 3.5 (1.7-6.2) 4.5(2.1-10.2) 0.025"
HFn 46.4 (30.6-64.1) 57.3 (36.0-63.9) 0.433
B (LF/HF) 0.1 (0.04-0.1) 0.1(0.1-0.2) 0.014"
Yes .
17 HFn+ 0.96 (0.93-0.98) 0.96 (0.89-0.98) 0.021
Fentanyl
HR 87 (76.75-105.25) 87 (72-100.25) 0.097
SBP 112 (99-124) 104 (96-107.5) 0.083
RespR 19 (18-21) 18.5 (17-21.5) 0.228
SDNN 70.1 (57.9-90.1) 53.6 (41.2-91.1) 0.039"
RMSSD 58.3 (40.3-72.0) 29.3 (16.7-87.1) 0.027
pNN50 22.2 (15.8-37.0) 5.6 (0.9-28.3) 0.012"
LFn 1.7 (1.5-3.6) 1.9 (1.4-4.1) 0.275
HFn 43.1 (24.6-45.3) 38.2 (30.0-52.0) 0.509
B (LF/HF) 0.1 (0.05-0.1) 0.1 (0.0-0.1) 0.446
?3%) HFn+ 0.98 (0.97-0.99) 0.97 (0.96-0.98) 0.136

Values are expressed as median (IQR-interquartile range); "Significant difference between measures before and after surgery (p<0.05).

Table 3: HRV parameters according to Propofol, Sevoflurane and Fentanyl.

Fentanyl effect on HRV parameters was related to significant

changes in RMSSD, SDNN, LFn and in balance (B).
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In those cases in which this drug was not used, significant decreases
were observed in all time domain components. 88.8% of the patients
who were not submitted to fentanyl did lumbar epidural anesthesia.

Discussion

Over the last years, literature has highlighted the relevance of HRV
on assessing ANS status as a mean of predicting post-operative
complications, considering surgery and all its implications (pain,
anesthetic drugs, emotional distress) as a cause of autonomic
disruption with effects on systemic homeostasis [5,16-18]. The analysis
of HRV can complement the reasoning for invasive monitoring and
may hopefully guide preventive strategies for risk reduction [24-26].
Thus, the post-operative period is a period of increased cardiovascular
and respiratory risk and a decreased HRV is recognized to be a more
powerful predictor for mortality [5].

On children, little information exists regarding surgery effects on
HRYV, which means that research in this area is required. With this
study, we sought to determine HRV changes among healthy children
submitted to minor surgery and presents descriptive information about
each HRV parameter.

It is known that HRV reflects the fluctuation in autonomic inputs to
the heart. Diminished HRV occurs when there’s both autonomic
inactivity and excessive sympathetic inputs [2], showing an ANS
imbalance that may be induced by increased stress or autonomic
neuropathy [30]. Time domain parameters (SDNN, RMSSD and
PNN50) strongly reflect parasympathetic modulation of sinus node [4]
and, although there s not a consensus among the scientific community
about frequency domain parameters, most authors consider HF
component as an expression of vagal activity influenced by respiration
and LF component as a reflection of both cardiac sympathetic and
parasympathetic activity with predominance of the sympathetic
discharge [5]. Thus, LF/HF ratio represents a sympathovagal balance
[5].

Regarding the results, with an overall analysis, it is possible to
conclude that surgery influenced HRV values of the entire sample
independently of other variables, as showed in Table 2. These findings
suggest an increase in sympathetic control of the heart or a decrease in
parasympathetic control of the heart. Probably, in younger children,
surgery influences parasympathetic activity the most whereas, in the
older children, it influences mostly the sympathetic activity as found in
previous studies that suggest a decrease in the influence of
parasympathetic activity that occurs with increasing age [8].

Normal ranges of respiratory rate in children are still under
discussion. Fleming et al. [7] created new centiles of respiratory rate in
children demonstrating a decline in respiratory rate from birth to early
adolescence decreasing from a median of 44 breaths/minutes at birth
to 26 breaths/minute at age of two. In our study only four children
presented a respiratory rate over 24 breaths/minute (maximum RR of
28 breaths/minute). Since HF-HRYV is defined in a spaning 0.15 to 0.4
Hz we calculated HFn+ to include the patients with RR >24 breaths/
minute, but no significant differences were found from the HF-HRV.

Although sometimes conflicting, information in literature
demonstrated age related changes in HRV due to ANS maturation
[31,32]. Some authors describe a gradual decrease of the sympathetic
activity in the first decade of life [3,31], while others describe an
increase of parasympathetic activity in the same period of time,

reflected by increased values of all the time domain indices, followed
by a gradual decrease [4, 32,33].

When comparing pre and post-surgical values between boys and
girls, no significant differences were found in the same HRV
parameters, which is consistent with previous studies that stated no
differences in children HRV values according to gender [1,30].

Even though studies show a correlation between HRV and physical
activity [1,34], in the present study, differences seen on HRV indices
related to physical activity are probably biased by age because the
group that practiced less than 2 h/week consists of younger children
and the group that practiced more than 5 h/week is composed of the
older participants.

Only the group in which surgery lasted from 30 to 60 min (Figure 1)
revealed significant differences in time domain values, thus in
parasympathetic modulation of ANS. One possible explanation could
be the use of a lighter anesthesia used in short and less aggressive
surgery with very low influence on ANS. There were only four cases in
which surgery duration lasted more than 60 min (two adolescents), not
enough cases to find any statistically difference.
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Figure 1: HRV parameters by time after end of surgery.

Results related to analysis of the time occurred from the end of the
surgery until the measurement of HRV (Figure 2) showed a decreased
parasympathetic activity in those patients whose HRV measurement
was made in less than 30 min after surgery. A parasympathetic
decrease and a sympathetic activity increase in those whose
measurement was taken between 30 to 60 min after surgery was also
found.

It is important to notice that, when measurements were taken after
more than 60 min after surgery, no differences were found in HRV
parameters. This can reflect a decreasing interference of surgery (and,
possibly, the drugs used during the procedure) on ANS over time, with
reestablishment of autonomic homeostasis. Despite the fact that our
patients were only submitted to short duration anesthetic drugs, our
study helps to support the time of 60 minutes as the minimum
required period of standing in a post anesthesia care unit despite age or
type of minor surgery.
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Figure 2: HRV parameters according to pain.

A diminished parasympathetic activity was seen on patients who
have reported pain after surgery, as opposed to those who have not
reported any pain (Figure 2). This result possibly leads to the
establishment of a positive correlation between pain and
parasympathetic inhibition and so a sympathetic dominance, also
described in literature [35].

Anesthetics per se are known to affect ANS and HRV
measurements. Despite this, during general anesthesia, anesthetic
drugs may suppress autonomic activity oscillations and, depending on
the combination of agents used, care must be taken when studying its
influence on HRV [5,33]. Yet, inhalational anesthesia is known to
negatively interfere with HRV indices [5].

HR decreases and SBP increases with age, this fact can explain why
HR was lower and SBP higher, before and after surgery, in the cases
submitted to propofol. Studies on propofol effect on HRV revealed a
decrease in BP and HF proportional to the depth of anesthesia without
any significant change on HR or LE, meaning that the cardiac
parasympathetic nerve was inhibited to a higher degree than
sympathetic nerve [5,36,37]. Other studies suggested propofol to
induce cardiovascular depression by depressing sympathetic nervous
activity [38].

In this study, results also showed an influence of propofol on the
ANS activity. Patients who were submitted to propofol presented an
increase of LF values and decrease of HF and HFn+ values after
surgery. Reyes del Paso et al, suggested HRV power spectrum,
including its LF component, is mainly determined by the
parasympathetic system. These findings challenge the interpretation of
the LF and LF/HF ratio as indices of sympathetic cardiac control and
autonomic balance. According to this study findings we assume that
our results suggests that propofol is an inhibitor of parasympathetic
system that influenciate, in a higher proportion, the HF component.
However, these results can have limited significance as propofol was
only used in the older participants. In this population, induction of
anesthesia with propofol was associated with a significant decrease in
HR but not in SBP, as found in literature [36].

Sevoflurane was associated with decrease in BP or LF with little or
no effect on the cardiac parasympathetic tone (5). The majority of our
patients (93.6%) were submitted to sevoflurane so we cannot calculate
the influence of this drug in our population. We found higher values of
BP after surgery and no decrease of LF component. This finding could
support the studies that suggest a mainly parasympathetic influence on
LF component [38,39].

Few data on the effect of fentanyl on HRV are available [38]. Low
dose fentanil led to sympathetic withdrawal and is believed to reduce
LF power reflecting an increased parasympathetic tone [5]. We found
that children who were on fentanyl showed a significant increase in LF
and decrease in RMSSD and HFn+ component supporting the
vagomimetic properties of this drug.

There are a number of studies that report a strong positive
correlation between mean R-R interval and various time domain
indices of HRV (e.g., the standard deviation of normal beats, SDNN)
[40-42] such that HRV was greater during longer mean R-R intervals
(slower heart rates) than at shorter mean R-R intervals (faster heart
rates). Frequency domain analysis of HRV is similarly affected by mean
heart rate. Sacha and Pluta [43] found that LF was directly related,
while HF was indirectly related, to the average heart rate of the subject.
As a consequence, they further report that LF/HF varied depending on
heart rate, lower at slower and higher at faster heart rates. Thus, heart
rate per se can influence LF/HF independent of changes cardiac
autonomic nerve activity [39].

Respiratory parameters can also alter heart rate and R-R interval
variability independent of changes in cardiac autonomic regulation
(i.e., against a constant background level of automatic regulation)
[44-48]. Tt is now well established that increases in respiratory
frequency reduce the amplitude of heart rate oscillations [44,46,47]
conversely, reductions in respiratory frequency increase HRV
[44,46,47]. Thus, it is important to control breathing (paced or timed
breathing) in order to interpret HRV data accurately. Brown and co-
workers reported that respiratory parameters not only altered HF
power but also strongly influenced the LF components of the R-R
interval power spectrum, a component that previously was viewed to
vary independently of changes in respiration [39].

Some studies suggest that opioids predominantly reduce LF power
(reflecting an increased parasympathetic tone) and that general
anesthesia with fentanyl leads to sympathetic withdrawal [49,50]. Our
study showed an overall parasympathetic tone reduction on the
patients submitted to minor surgery independently of receiving
fentanyl or not. This can be explained by the use of epidural lombar
anesthesia in 88.8% of patients not submitted to fentanyl. Tanaka et al.
found that lumbar epidural anesthesia resulted in a significant increase
in the low-frequency/HF ratio of HRV and unchanged spontaneous
sequence baroreflex indices, suggesting sympathetic predominance
[51].

With respect to sevoflurane impact on HRV parameters, although
previous data suggests that it has little or even no effect on
parasympathetic tone [52], no reliable conclusion can be made because
almost all (but three cases) of the sample was submitted to sevoflurane
during induction of anesthesia.

The interpretation of the results of this study naturally is subject to
certain limitations. The main limitation is the measurement position.
Although not very different concerning the degrees of inclination (45°
before surgery and 30° after surgery) subjects were in a chair and
sitting position before surgery and in a bed and supine position after

J Anesth Clin Res, an open access journal
ISSN:2155-6148

Volume 7 « Issue 11 « 1000688



Citation:
Res 7: 688. d0i:10.4172/2155-6148.1000688

Silva MJ, Pinheiro R, Aimeida R, Cunha F, Ribeiro A, et al. (2016) Heart Rate Variability in Children Submitted to Surgery. J Anesth Clin

Page 9 of 10

surgery. Nepal et al. [39], found that a significant decreased in HRV
parameters reflecting vagal activity and reciprocal increase in
sympathetic activity in standing as compared to sitting and supine but
there was no significant change in HRV in sitting as compared to
supine.

Moreover, the small sample size compared with the diversity of the
variables studied and the fact that the observed variables were not
normally distributed is a strong impeditive to achieve more
conclusions about some of the variables analyzed, particularly
regarding multivariate analysis. No significant complications after
surgery were found in our sample so any relation between ANS
dysfunction and perioperative complications could be established.

Data in literature suggests that the measurement of HRV is a good
tool to evaluate perioperative risk in patients with suspected
autonomic dysfunction, select individuals who need further cardiac
testing and optimize pre-operative status [5]. In this study, only healthy
children with no surgical complications were studied and, still, they
showed reduced HRV measurements. Further studies in children with
suspected autonomic dysfunction or complicated surgery are necessary
to better support the role of HRV monitoring on early prognosis
prediction and risk stratification.

In addition, several other aspects that are known to influence HRV
measurements were not taken into account, such as physical and
emotional stress due to anticipation of the surgery, other drugs used
during surgery, volemic status and changes in position [5]. Finally,
because the studied population was composed of children and
measurements were realized in the presence of other people, it was not
always possible to have the desired and ideal quiet environment.

Conclusion

The measurement of HRV can be used as a helpful, non-invasive,
bedside tool to evaluate the risk in patients who are going to be
submitted to surgery. This study showed a decreased HRV in healthy
children until one hour after being submitted to minor surgery in both
time-domain and low frequency-domain parameters, reflecting a
parasympathetic withdrawal and sympathetic predominance. When
analyzing all patients no difference was found in HF domain and in
balance.

Younger patients presented significant differences in HRV in time
domain measures before and after surgery and older patients showed a
difference in low frequency spectral component. In healthy children
submitted to minor surgery no significant ANS dysfunction was found
over 60 minutes after surgery. This data can support the time of 60
minutes as the required period for standing in post anesthesia care
unit.

Nevertheless, it is important to notice that further investigation
about this subject is required in order to a better comprehension of
ANS behavior, particularly in the pediatric age group.
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BACKGROUND: Investigate the utility of cardiovascular responses such as heart rate (HR), blood pressure (BP), and heart rate
variability (HRV) in the prognosis of children with acute acquired brain injury (ABI).

METHODS: Children under 18 years with severe acute acquired brain injury (ABI) who survived at least 12 h after PICU admission
were included in a prospective observational cohort in a tertiary academic PICU. Physiological variables, neurological data,
laboratory tests (chemistry and hematology), and medications were recorded within 12 h of admission. Linear and nonlinear HRV
indices, CT scans, PICU scores, and survival rates were evaluated.

RESULTS: Seventy-two children, median age 10.7 years (IQR 4.1-13.6), were eligible for the study; 28 (38.9%) were diagnosed with
brain death (BD). Tachycardia, SBP and MBP < 5th percentile, and MBP and DBP> 99th percentile were significantly associated with
mortality. Poincaré SD1/SD2 was significantly associated with mortality after adjusting for age, sex and ongoing medication.
CONCLUSION: Tachycardia, systolic hypotension and median hypo and hypertension were associated to mortality in children with
severe ABI. While further validation through larger, multicenter studies is necessary, the Poincaré SD1/SD2 ratio has shown promise
as a prognostic tool for predicting mortality in children with severe ABI.

Pediatric Research; https://doi.org/10.1038/541390-024-03679-2

IMPACT STATEMENT:

® This study explores cardiovascular changes, including heart rate and blood pressure, and linear/nonlinear HRV measures using
ECG at 1000 Hz, and compare them with other prognostic factors like brain tomography and PICU scores. Tachycardia, hypo/
hypertension in the early hours after admission are linked to early mortality in children with severe traumatic and non-
traumatic brain injury. Linear/non-linear measures of HRV were also related to survival. Higher HRV values indicating better
survival chances. We identified Poincaré SD1/SD2 ratio as a promising tool for predicting mortality in children with severe ABI.

INTRODUCTION

Acute acquired brain injury (ABI) refers to any sudden damage to
the brain that occurs after birth, resulting from either traumatic or
non-traumatic events. This type of injury can cause an immediate
disruption in brain function, leading to a range of symptoms
depending on the severity and location of the injury. Types of
acute brain injuries include traumatic brain injury (TBI), and non-
traumatic brain injury (NTBI) such as stroke, subarachnoid
hemorrhage, hypoxic or anoxic brain injury, infections (such as
meningitis or encephalitis), and metabolic or toxic insults.

More reliable predictors of neurological prognosis in children with
severe ABI are needed.! Hemodynamic parameters like heart rate
(HR), blood pressure (BP), and heart rate variability (HRV) can predict
poor outcomes in severe ABI, but their significance and management

thresholds remain unclear in the pediatric population. TBI and other
forms of ABI can cause complex and unpredictable changes in
autonomic function. HRV corresponds to the oscillations in the
interval between consecutive instantaneous HR intervals that depend
on the interactions between sympathetic and parasympathetic
efferent impulses to the heart and offers a non-invasive indicator of
autonomous nervous system (ANS) activity.3 Previous research found
that HRV is a predictor of death irrespective of the cause.>* HRV can
be assessed by calculation of indices based on statistical operations
on R-R intervals (time domain analysis), by spectral (frequency
domain) analysis of an array of R-R intervals or by non-linear
mathematical analysis such as Poincaré plot analysis or Sample
Entropy.> Nonlinear indexes of HRV are not standardized™® but may
be considered as alternatives to the other standard HRV measures.
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We hypothesize that cardiovascular monitoring at PICU admission
for children with severe ABI (both traumatic and non-traumatic),
specifically tracking HR, BP, and both linear and non-linear HRV
measures, provides valuable early prognostic tools for mortality,
offering potential advantages over other commonly used methods.

MATERIAL AND METHODS

The procedures followed were in accordance with the ethical standards of
the responsible institute committee on human experimentation and with
the Helsinki Declaration of 1975. This study was approved by the
institutional Ethic Commission and by the Portuguese data protection
authority (IRB number: 19776) on 27th july 2006. Parents have given signed
informed consent for inclusion of their children in the database.

Study site

The PICU of Sdo Jodo University Hospital Center, a single tertiary
multidisciplinary 10-bed pediatric critical care unit, serving both medical
and surgical specialties that admitted an average of 274 patients per year,
including all children with acute severe brain injury from the northern
region of the country, averaging 17 patients per year (data from
2021-2023).

Study population
Children aged more than 27 days and less then 18 years-old, admitted to
the PICU with severe ABI (GCS<10), TBI and NTBI like stroke,
meningoencephalitis or hypoxic-ischemic encephalopathy, from January
2006 to December 2017 were prospectively screened for recruitment.
Patients were included if they had PICU length of stay (LOS) > 12 h.
Exclusion criteria: congenital heart disease, cardiac pace-maker, cardiac
arrhythmias, previous epilepsy, diabetes mellitus or other peripheral
neurologic impairment.
Patients that met the selection criteria were included based on the
possibility of obtaining an electrocardiographic record upon admission by
a research team member.

Data collection and management

High-resolution 12-lead ECG Holter recordings (1000 Hz sample frequency)
were taken within the first 12 h after admission. ECG recordings were
automatically annotated using a wavelet-based system previously devel-
oped and validated.? Biological and physiological data were collected from
the admission records and recorded within the first 12h before the
diagnosis of brain death was established. Blood pressure (BP) was recorded
and classified into the following percentiles based on age and sex: <5th,
5th-10th, 10th-25th, 25th-50th, 50th-75th, 75th-95th, 95th-99th, or >99th,
using previously published percentiles® Tachycardia was defined as
follows: >180cpm for those under 12 months old; =140 bpm for
individuals aged 12 months to 10 years; and =120 bpm for those over
10 years old. Bradycardia was defined as HR<100 bpm for those
<12 months old; <70 bpm for individuals aged 1-10 years; and <60
bpm for those over 10 years old.'® All patients were registered in a
database for the calculation of Pediatric Risk of Mortality Score Ill (PRISM Il
score)."! Baseline data collected after PICU admission included age, weight,
prior medical history and admission diagnoses, and HR, respiratory rate
(RR), blood pressure (BP), intracranial pressure (ICP), cerebral perfusion
pressure (CPP), pupillary light reactivity, and body temperature registered
hourly during the Holter registration. Hypothermia was defined as core
temperature below 35 °C and hyperthermia when it was higher than 38 °C.
Hypoglycemia was defined as <60 mg/dL and hyperglycemia >180 mg/
dL.'? PICU scoring systems—PRISM Il score and Probability of Death,
Glasgow Coma Scale (GCS) and GCS-Pupil Score at admission, Pediatric
Index Mortality 3 (PIM —3), Pediatric Logistic Organ Dysfunction (PELOD),
Pediatric Sequential Organ Failure Assessment (pSOFA), Injury Severity
Score (ISS) and Pediatric Trauma Scale (PTS) were calculated and registered
in the first 12 h after admission."® We used the PRISMIII score cutoff value
for mortality of 12, accordingly with the findings of other authors.'* CT
images of all the patients were reviewed by a neuroradiologist, who
classified them according to different CT scoring systems based on the
type of intracranial injury.'>'® In patients with traumatic brain injury (TBI)
Rotterdam, Helsinki, and Marshall CT scoring systems were used. In
patients with intracerebral hemorrhage (ICH), the ICH score was applied
and the presence of subarachnoid hemorrhage (SAH) and/or intraven-
tricular hemorrhage (IVH) was assessed; in cases of aneurysmatic SAH, the

SPRINGER NATURE

modified Fisher Grading Scale (Mfisher) was employed. Brain death
suspicion was defined has having a GCS = 3 plus non-reactive mydriasis.'”

Outcome
The primary outcome measure was surviving to PICU discharge or BD.

Data and statistical analysis

The wavelet system, a multi-scale wavelet-based ECG annotator previously
developed and validated® was applied. It obtains single lead (SL) based
annotations from which multi lead-based R peaks (ML_R) were obtained as
the median mark of the 8 SL annotators for R peak from leads |, Ill, V1-V6,
excluding outliers. The interval RR(n) related to the n beat is defined as
the time from (n—1)th to the n'" beat measured between consecutive ML_R
peaks. MATLAB R2022b was used in the implementation [ref: The
MathWorks, Inc. (2022). MATLAB version: 9.13.0 (R2022b). Accessed:
January 01, 2023. Available: https://www.mathworks.com.] HRV analysis
was performed for all consecutive and non-overlapping 10-min segments
of the tachograms (obtained after R peak detection on the ECG), including
linear time-domain and frequency-domain analysis, as well as non-linear
analysis. As used before for some of the authors,'® a 10-minute duration
was chosen to effectively capture variability patterns, avoiding sequences
with fewer than 300 data points in a 5-min segment where the average RR
interval exceeds 1s, which could potentially compromise the stability of
entropy calculations.'®?° In order to account for considerable differences
in the average beat-to-beat sampling across the sample, the tachograms
were resampled using cubic spline interpolation at 4 Hz. After detecting
the R-waves, the recordings were visually analyzed, and the traces with the
highest quality, best signal stability, minimal artifacts, and absence of
ectopic beats were selected. No other type of preprocessing was applied.
In each case, only one visually selected 10-minute segment was chosen for
in the first twelve hours after admission. Linear time-domain analysis
included the NN interval mean (msec), the standard deviation of the
average NN interval (SDNN, in msec) and the square root of the mean
squared differences of successive NN intervals (RMSSD, in msec).>?'?2 The
frequency domain analysis was based on the nonparametric estimation of
the spectrum, particular the Welch method®? with a Hanning window,
applied in each segment over sequences of length 256, with 62.5% of
superposition between them. The following frequency bands were
considered: very low frequency (VLF, msec?) at 0-0.04 Hz, low frequency
(LF, msecz) at 0.04-0.15 Hz, and high frequency (HF, msecz) at 0.15-0.40 Hz.
Given the wide variety of ages in the current sample (from 1 month to 18
years), the HF+ band at 0.15-1.00 Hz was also considered. The LF/HF index,
as well as total power (TP, ie., all the spectrum area), were also
considered.> For non-linear analysis, sample entropy (SampEn(m,r)) was
calculated®2* considering values 0.1xSD, 0.15xSD and 0.2xSD for r and
value 2 for m?> while N was 2400 points (10-min segments at 4 Hz).
Additionally, the nonlinear indices computed from the Poincaré plot were
also considered, namely SD1 (short-term variability), SD2 (long-term
variability) and their ratio SD1/5D2.3%* Results of descriptive statistics
were expressed as a fraction of the total population, mean * standard
deviation (SD) and/or median with interquartile range (IQR). Continuous
variables were compared using Student'’s t test if the variable was normally
distributed or Wilcoxon test if not. The Chi-square statistic was used for
categorical variables. A univariate and multivariable regression adjusting
for age, sex, and medication was used to study the association between
mortality and HRV indices estimating the odds ratio (OR) and their 95%
confidence intervals. To quantify HRV measurements and try to determine
clinically useful cutoff points, we used the precision-recall curve and
selected a cut-off point based on a minimum precision value of 0.8.
Following this, we identified HRV measurement cutoff points significantly
associated with mortality. Results were considered statistically significant
when the p-value was less than 0.05. All statistical analyses were using
SPSS statistical software (SPSS, release 28.0, SPSS Inc., Chicago, IL).

RESULTS

Seventy-two children with ABI were eligible for the study. Of
these, 45 (62.5%) had traumatic brain injury (TBI) and 27 (37.5%)
had non-traumatic brain injury (NTBI). Among the TBI patients,
only two had penetrating injuries; the rest experienced blunt
trauma from incidents such as collisions, car accidents, or falls. In
the NTBI group, 15 patients had strokes (11 hemorrhagic and 4
ischemic), five had meningoencephalitis or meningitis, and three
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Table 1. Patient characteristics and physiologic data at the first 12 h after PICU admission and differences between the survivors and non-survivors.

Patient characteristics and physiologic data
Median age (IQR) at admission

Sex, n

Age group, n

<=2 years

>2 years <12 years
>12 years
Diagnosis, n

-TBI
-NTBI

- Hemorrhagic stroke
- Ischemic stroke
- Meningoencephalitis/meningitis
- Hipoxic Ischemic Encephalopathy
- Brain Tumor
- Status epilephticus
- Cerebral edema secondary to hyponatremia
GCS P (median, IQR)
Pupils, n
-Both reactive
-Anisocoria
-Mydriasis
ICP (mmHg) Median (IQR)
-Admission (n = 60)
CPP (mmHg) Median (IQR)
-Admission (n = 60)
Minimum SBP (mmHg), n
<P5
>P5
Maximum SBP (mmHg), n
<P99
>P99
Minimum MBP (mmHg), n
<P5
>P5
Maximum MBP (mmHg), n
<P99
>P99
Maximum DBP (mmHg), n
<P99
>P99
Tachycardia, n
-Yes
-No
Body temperature
<35°C
Mechanical ventilation days (Median, IQR)
Days on vasoactive drugs (Median, IQR)
PICU Length of stay Observed (days)
(Median, IQR)

aChi-Square test.
PMann-Whitey-test.

Pediatric Research

Survivals (n = 44)

11.08 years
(5.47-14.14)

33 males
11 females

3 (6.8%)

25 (56.8%)
16 (36.4%)

(5-7.75)
36 (92.3%)
5 (62.5%)
3 (12.0%)
16 (11-24)

62 (57.5-71.2)

9 (39.1%)
35 (71.4%)

10 (43.5%)
34 (69.4%)

5 (33.3%)
39 (68.4%)

37 (77.1%)
7 (29.2%)

37 (71.2%)
7 (35.0%)

15 (44.1%)
29 (76.3%)

9 (31.0%)
10 (5-16)

5 (3.5-9)

11.5 (7.25-16.7)

Brain death (n = 28)

10.41 years
(1.93-13.39)

18 males
10 females

7 (25.0%)
10 (35.7%)

11 (39.3%)

13
4
2
4
2
2
0
1
1

(1-3)

3 (7.7%)

3 (37.5%)
22 (88.0%)
59 (36-74)

16 (7.5-48)

14 (60.9%)
14 (28.6%)

13 (56.5%)
15 (30.6%)

10 (66.7%)
18 (31.6%)

11(22.9%)
17 (70.0%)

15 (28.8%)
13 (65.0%)

19 (55.9%)
9 (23.7%)

20 (69.0%)
3 (2-6)

2 (1.2-4.5)

3.0 (2.0-6.0)

p value®
0.116°

0.238

0.060

0.064

<0.001°
<0.001

<0.001°

<0.001°

0.009

0.033

0.018

<0.001

0.006

0.008

0.001°

<0.001°

0.005°
<0.001°
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had hypoxic-ischemic encephalopathy due to suffocation or
drowning. Additionally, two patients had brain tumors, one had
refractory status epilepticus, and one had cerebral edema
secondary to hyponatremia (Table 1). Patient characteristics and
physiologic data are described in Table 1, according to the survival
status. Twenty-eight (38.9%) progressed to BD (BD group) and 44
(61.1%) survived (S group). All patients who died were diagnosed
with brain death (BD). All four patients less than 12 months-old
died. The median age was 10.7 years old (IQR 4.1-13.7) and 70.8%
of the patients were male.

Patients with TBI had lower mortality than those with NTBI (28.9%
vs. 55.5%, p = 0.045). Moreover, NTBI patients presented a worse
prognosis at admission, with significantly higher PELOD score and
higher probability of death at admission (Supplementary Table 1).
The presence of tachycardia was significantly associated with a
worse outcome [OR 4.08 (95%Cl : 1.48-11.19), p=0.008]. The
presence of bradycardia was not associated with mortality.
Concerning blood pressure variables, adjusted for sex and age,
SBP < 5™ percentile [OR 3.88 (95%Cl : 1.37-11.02), p =0.009];
MBP < 5th percentile [OR 4.33 (95% Cl: 1.29-14.53), p=0.018];
MBP > 99th percentile [OR 8.16 (95% Cl 2.69-24.63), p < 0.001] and
DBP > 99th percentile [OR 4.58 (95%Cl 1.52; 13.72), p = 0.007] were
associated with a worst outcome. The 10 min ECG Holter records
used ranged from 10th to 210th minute after admission, with a
median of 50 min (IQR: 30-60 min). With the exception of Poincaré
SD1/SD2, HRV measurements were lower in the BD than in the
survival group, with the following measures reaching statistical
significance : SDNN, RMSDD, mean NN, TP, VLF, LF, HF, HF +,
Poincaré SD1 and Poincaré SD2. A trend without reaching statistical
significance was observed for LFn and Poincaré SD1/SD2 and worse

outcome (Table 2). Apart from SampEn, Poincaré SD1/SD2, and LF/
HF, HRV measurements increase with age. After adjusting for age
and sex (Table 2), Poincaré SD1/SD2 was significantly associated
with mortality, independent of ongoing medication. Higher time
domain (SDNN, RMSDD, meanNN), frequency domain (LF, LFn, HF,
VLF, HF +) and non-linear measures of HRV (Poincaré SD1 and
Poincaré SD2) where associated with survival.

The median ICP at admission was significantly higher and CPP
significantly lower among the BD group (Table 1). BD group
presented a significative lower PICU length of stay, mechanical
ventilation days and days on vasoactive drugs (Table 1).
Prognostic and CT scoring in children with TBI are represented
in Table 3. The absence or obliteration of basal cisterns and a
higher score in Rotterdan, Marshall and Helsinki CT score system
were significantly associated with a poor outcome. All the nine
patients with basal cisterns obliteration progressed to BD [OR 9.00
(Cl 3.57; 22.67), p<0.001]. Median Poincaré SD1/SD2 was
significantly higher in the patients with obliterated basal cisterns
(0.315 (IQR 0.082-0.199) vs. 0.132 (IQR 0.192-0.347), p = 0.001).

All the PICU scoring systems calculated were significantly higher
in the BD group (Table 4). Three out of the 19 patients with
suspected brain death at admission survived, exhibiting higher
values in most HRV measurements (Supplementary Table 2). BD
group also presented a significantly higher sodium, ionized
calcium, C-reactive protein (CPR) and PTT at admission (Supple-
mentary Table 3). During the ECG recording 67 (93.1%) of the
patients were under the effect of sedation, and 44 (61.1%)
received vasopressor support (Supplementary Table 3).

A Poincaré SD1/SD2 ratio <0.27 was negatively associated with
mortality [OR 0.13 (Cl 0.03; 0.53), p=0.003]. Thirteen patients

HRV measurements and multivariable logistic regression analysis for the association of age, sex, and medication with outcome (mortality).

Table 2.

HRV Survivals (n = 44) Brain death (n = 28)
measures

median

(IQR)

SDNN 11.70 (5.57-30.70) 5.42 (0.99-12.56)
RMSDD 2.89 (1.30-7.68) 1.48 (0.83-3.67)
Mean NN 661.95 (542.14-830.58) 528.80 (445.06-689.58)
TP 100.61 (17.62-610.76) 14.97 (2.89-50.70)
VLF 31.07 (6.14-146.56) 4.02 (0.61-10.96)
LF 19.42 (5.22-134.47) 1.73 (0.21-6.72)
LFn 34.80 (16.64-71.23) 23.34 (8.03-41.06)
HF 16.89 (2.32-135.50) 2.24 (0.24-7.91)
HFn 37.48 (14.60-65.83) 30.16 (5.71-63.57)
LF/HF 0.98 (0.27-4.35) 0.54 (0.29-2.94)
HF + 20.82 (4.15-233.93) 5.15 (0.59-38.14)
SampEn2, 0.94 (0.80-1.21) 0.83 (0.74-1.24)
0.1

SampEn2, 0.73 (0.63-0.94) 0.72 (0.57-1.13)
0.15

SampEn2, 0.62 (0.53-0.78) 0.60 (0.47-0.96)
0.2

Poincaré 2.04 (0.92-5.43) 1.05 (0.58-2.59)
SD1

Poincaré 16.24 (7.58-43.12) 7.64 (3.76-17.57)
SD2

Poincaré 0.13 (0.08-1.99) 0.18 (0.09-0.31)
SD1/SD2

p value® Midazolan® Fentanylh Propofol® Thiopental®
OR; p value OR, p value OR, p value OR, p value
0.007 1.00;0.689 1.007; 0.613 1.013;0.358 1.019;0.185
0.010 1.025; 0.536 1.031; 0.460 1.046;0.290 1.064;0.152
0.005 1.000; 0.066 1.003;0.091 1.000;0.019 1.004;0.032
0.001 1.00; 0.869 1.000;0.995 1.000;0.822 1.000;0.506
0.001 1.000; 0.953 1.000;0.840 1.000;0.696 1.001,0.516
0.001 0.999; 0.610 1.00; 0.761 1.000;0.954 1.000;0.686
0.052 1.015; 0.159 1.017;0.102 1.017;0.084 1.024;0.022
0.001 1.00; 0.869 1.000;0.888 1.000;0.968 1.000;0.668
0.220 0.976; 0.399 0.983;0.594 0.980;0.467 1.003;0.729
0.690 1.006; 0.555 1.000;0.590 1.007;0.455 0.990;0.701
0.010 1.00; 0.411 1.000;0.668 1.00; 0.587 1.000;0.737
0.460 1.746; 0.431 1.911;0.358 1.412;0.601 1.272;0.716
0.730 1.368; 0.707 1.510;0.613 1.083;0.917 0.991;0.990
0.910 1.108;0.914 1.261;0.801 0.875,;0.878 0.795;0.791
0.010 1.034; 0.547 1.043;0.469 1.064;0.297 1.091;0.154
0.007 0.997; 0.591 0.998; 0.648 0.999;0.892 1.000;0.810
0.067 0.001;0.021 0.002; 0.028 0.003;0.038 0.004: 0.036

IQR inter quartile range, OR odds ratio.
®Mann-Whitney Test.
PMultivarible Logistic regression adjusted for age in months and sex.
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Table 3. CT scoring systems and outcome in TBI children.

Prognostic and CT Survivals Brain death p value

scoring systems (n=32) (n=13)

TBI

Rotterdan basal cisterns n <0.001?

-Normal 22 (68.8%) 2 (15.4%)

-Compressed 10 (31.3%) 2 (15.4%)

-Absent 0 (0.0%) 9 (69.2%)

Rotterdan midline shift n 0.233°

-No or < 5mm 29 (90.6%) 10 (76.9%)

-> 5mm 3 (9.4%) 3 (23.1%)

Rotterdan IVH SAH n 0.011%

-Present 11 (91.7%) 1 (7.7%)

-Absent 21 (63.6) 12 (36.4)

Rotterdan sum 3.00 5.00 <0.0012°

score + 1 (Median, IQR) (2.00-3.00) (4.00-5.00)

Rotterdan epidural mass lesion n 0.052°%

-Present 9 (28.1%) 2 (15.4%)

-Absent 11 (32.4) 23 (67.6)

Marshall CT score n <0.001?

-Difuse injury | 3 (9.4%) 0 (0.0%)

-Difuse injury Il 25 (78.1%) 3 (23.1%)

-Difuse injury llir 4 (12.5%) 7 (53.8%)

-Difuse injury IV 0 (0.0%) 1 (7.7%)

-EML 0 (0.0%) 2 (15.4%)

Helsinki CT score Total 2.00 7.00 <0.001°

(Median, IQR) (0.25-5.00) (6.00-10.00)

Helsinki IVH n 0.043?

-Present 7 (21.9) 7 (53.8)

-Absent 25 (80.6) 6 (19.4)

Mass lesion 0 (27%) 2 (100%) 0.079?

size > 25cm>, n

Helsinki suprasellar cisterns, n <0.001°

-Normal 20 (62.5%) 3 (23.1%)

-Compressed 11 (34.4%) 2 (15.4%)

-Obliterated 1 (3.1%) 8 (61.5%)

NTBI - Hemorrhagic n=7) (n=4)

stroke

ICH score 25 3.0 (0.0-3.0) 0.182
(2.0-3.25)

IVH intraventricular hemorrhage, SAH subarachnoid hemorrhage, IQR inter
quartile range, ICH score intracerebral hemorrhage score.
2Chi-Square test; "Mann-Whitney Test.

exhibited a Poincaré SD1/SD2 value greater than 0.27, and among
them, 76.9% of them progressed to brain death (p=0.003)
(Supplementary Table 4). In patients with a PRISMIII score greater
than 12, ten patients (25.0%) progressed to BD, with nine of them
(90.0%) exhibiting a Poincaré SD1/SD2 value exceeding 0.27
(Supplementary Table 4).

DISCUSSION

This exploratory study revealed three major findings: (1) Tachycar-
dia and hypotension were significantly associated with mortality in
children with severe ABI; (2) HRV time and frequency domains were
higher in severe ABI children who survived; (3) The non linear HRV
measure Poincaré SD1/SD2 ratio has shown promise as a prognostic
tool for predicting mortality in children with severe ABI.
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The presence of tachycardia was significantly associated with
mortality. Although, tachycardia itself may not directly cause death
in ABI children it can serve as a marker for the severity and overall
physiological instability.?® The correlation between hypotension,
tachycardia and mortality appears to be multifactorial in nature.?”?
In major trauma, a primary complication is hemorrhagic hypovo-
lemia, which can result in hypotension and tachycardia, contribut-
ing to high mortality rates. Accordingly with other authors, we
found that patients with SBP and MBP <5th percentile, had a greater
percentage of in- hospital mortality (p <0.001).2%°73" Possible
reasons association between mortality and hypotension may be
attributed to the secondary damage inflicted on the injured brain by
low blood pressure. Like Freeman et al., we also found a relation
between early hypertension, SBP >pooth percentile, and a better
outcome.>**3 These findings corroborate recent recommendations
advocating for pediatric-specific SBP targets after TBI that prioritize
higher percentiles of SBP, underscoring the importance of
preventing low SBP in the initial hours after admission.3>3*

In children, the parasympathetic system generally has a
stronger influence, leading to lower LF/HF ratios and higher
Poincaré SD1/SD2 ratios compared to adults. Both measures are
usually useful in understanding the autonomic regulation of HR,
but they provide complementary insights. Many studies have
linked decreased LF, HF, LF/HF ratio with BD and increased
mortality in ABI patients.>>>” However, in our sample, we did not
find a significant association between LF/HF and mortality. Biswas
et al.* studied 15 children with TBI and suggested a link between a
lower LF/HF ratio and poor outcomes, also associating elevated
ICP (>30 mmHg) or reduced CPP (<40 mmHg) with autonomic
dysfunction. Although our data showed lower LF/HF in patients
with ICP>30mmHg [0.67 (0.29-1.50) vs. 1.00 (0.28-4.55),
p=0411] and CPP<40mmHg [0.53 (0.25-1.70) vs. 1.00
(0.28-4.50), p = 0.507], these differences were not significant. We
also tested the LF/HF cutoff of 1.2 proposed by Butera et al., but
found no significant impact on survival or mortality, even after
excluding outliers and adjusting for age (data not shown).3® The
LF/HF ratio was a poor predictor of mortality, particularly when
compared to Poincaré SD1/SD2, as supported by other studies.>
Unlike studies that used daily mean LF/HF ratios over 72 h,* our
HRV values were derived from a single 10-minute segment, which
may not have captured the full complexity of autonomic
fluctuations. The ANS response in brain injury is non-linear and
rapidly changing, making a single LF/HF ratio insufficient for
comprehensive assessment.* Additionally, medications like seda-
tives and analgesics can affect the LF/HF ratio independently of
autonomic function. Given the dynamic and multifactorial nature
of autonomic dysfunction in ABI, along with external influences
like medication and ventilation, the LF/HF ratio in our sample was
not a reliable predictor of mortality. One advantage of Poincaré
plot method is that nonstationary data can be included in the
analysis.** Elevated values of Poincaré SD1/SD2 may indicate an
increased parasympathetic activity and/or reduced sympathetic
drive.*'*2 Notably, outliers have less influence on the Poincaré plot
compared to traditional time and frequency domain measures of
HRV. Other nonlinear measures like SampEn were not different
between groups supporting the idea that it is a less sensitive
marker.*** In addition to the undeniable importance of the
association between reduced HRV measures and mortality, our
data also highlight the importance of increased HRV measures as a
prognostic factor for survival in children with severe ABI, TBI and
NTBI, conveying the idea that patients with dynamic and elevated
HRV are protected against death.

Additionally, our study data confirms and supports the findings
of other authors, further solidifying the association of several
well-established variables with mortality following ABI, such as
GCS, PRISM, pupil reactivity, ICP, and CPP.'*

Our study has limitations: (1) The small sample size and
heterogeneity, which make it challenging to draw meaningful
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Table 4. PICU scoring systems and outcome.

PICU scoring systems
PRISMIII (median, IQR) 10.0 (7.0-13.75)
<12 28 (87.5%)

>12 16 (40.0%)
Probability of death (median, IQR)
PIM 3 (median, IQR)

PELOD (median, IQR)

SOFAp (median, IQR)

ISS (median, IQR)

PTS (median, IQR)

34 (3.2-4.3)
11.0 (4.2-11.0)
4.00 (4.0-6.75)
20.5 (16.0-27.0)
8.5 (7.0-9.0)

Survivals (n = 44)

0.055(0.03-0.13)

Brain death (n = 28) p value®
25.5 (20.5-28.0) <0.001
4 (12.5%)

24 (60.0%)

0.563 (0.43-0.63) <0.001
60.7 (7.1-72.6) <0.001
30.5 (21.0-31.0) <0.001
7.0 (5.0-10.5) <0.001
25.0 (25.0-34.0) 0.032
6.0 (4.5-7.0) <0.001

PRISM Il Pediatric Risk of Mortality Score, PIM-3 Pediatric Index Mortality 3, PELOD Pediatric Logistic Organ Dysfunction, pSOFA Pediatric Sequential Organ
Failure Assessment, ISS injury severity score, PTS pediatric trauma scale, ISS injury severity score, IQR inter quartile range.

Mann-Whitney test.

conclusions. This was a single center study that used a convenience
small and highly heterogeneous sample collected over an extended
period of time; we did not consider a potential influence on HRV
analysis following interventions such as tracheal aspiration, trans-
port or sedation bolus. (2) This exploratory study was based on short
ECG segments analysis and the decision to choose only one
segment of 10 min could impact the outcomes of HRV measure-
ments, as the results may stem from physiological factors in some
instances, but in others, they could be influenced by signal loss or
the failure to detect R waves. The manual selection of epochs can
also be a source of bias. Longer HRV time series, which contain
enough information to address slower fluctuations and therefore
pose different physiological mechanisms of regulation, were not
explored in this work and should be assessed in future projects as
well; (3) The lack of spectral band references in the heterogeneous
pediatric population led us to choose to consider the bands of
adults.? (4) The unknown timing between the TBI and admission.
Despite being the only unit in the northern region of the country to
receive children with severe ABI and these are always transferred
directly to us, we do not have exact data on the time elapsed
between the injury and the ECG recording analyzed.

Further studies comparing the predictive power of HRV
measures to other well-known ECG morphology indicators in
adults, such as depressed ST segments, abnormal T waves, and
prolonged QTc intervals, could strengthen the case for using
tachogram measures in mortality prediction.

One weakness of our study is that the sample is not sufficient to
accurately determine cutoff points for key HRV measures. However, we
believe it is important to mention the cutoff value we found, if for no
other reason than to serve as a starting point for further studies with
larger and multicenter samples. We found that a threshold value of 0.27
Poincaré SD1/SD2 demonstrated a good discrimination. Poincaré SD1/
SD2 >0.27 added to PRISM Il value > 12 (the average value of the
PRISM score to predict mortality'®) significantly increased the ability to
predict mortality."* Though further validation in subsequent studies is
necessary, this cutoff value may be used as another vital sign in the
future. Other measures of HRV were related to survival, but no cutoff
points were mentioned due to the small sample size and the influence
of age and medication. Nonetheless, it has the potential to be a
valuable tool for identifying patients with better outcomes, pending
validation in additional studies. Many factors increase the HRV and
provide protection against cardiac disease, mortality and sudden
death.”

Strengths from the present study includes: (1) a high resolution
12-lead ECG Holter recordings with 1000 Hz-sample frequency,
which we consider could be more precise, than the usual sampling
frequency acceptable for HRV analysis.*® (2) A wide variety of
physiological, analytical, imaging data, and severity scores were

SPRINGER NATURE

studied, allowing for an extensive analysis of the factors that may
interfere with the prognosis of ABI children. (3) The ability to
identify significant differences between changes in HR, BP, and
HRV linear and non-linear indexes, in the first hours after
admission to the PICU, and mortality, underscores the relevance
of these findings as early predictors of mortality in children with a
severe neurologic condition independently of age, sex, BI
mechanism and medication used. (4) The heterogeneity of the
sample may present a limitation, but it also serves as an
advantage by enhancing the robustness and validity of the
findings.

CONCLUSIONS

Tachycardia, systolic hypotension and median hypo and hyperten-
sion in the first hours after PICU admission were significantly
associated to mortality in children with severe ABI. HRV
measurements are essential for assessing autonomic function
and cardiovascular health in children severely affected by ABI.
High HRV values can serve as a prognostic factor for survival,
conveying the idea that patients with dynamic and elevated HRV
are protected against death. While further validation through
larger, multicenter studies is necessary, the Poincaré SD1/SD2 ratio
has shown promise as a prognostic tool for predicting mortality in
children with severe ABI.

DATA AVAILABILITY
The datasets generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.
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Supplemental Table 1.

Patient characteristics and physiologic data at the first 12 hours after PICU admission and differences

according to the diagnosis.

Patient characteristics and physiologic data TBI (n=45) NTBI (n=27) p- value
Median Age (IQR) at admission 136.0 (69.0-165.0) 120.0 (26.0-165.0) 0.436°
Sex 36 male (80.0%) 15 male (55.6%) 0.035%
Age group, n
<=2 years 4 (8.9%) 6 (22.2%)

0.141°
>2years <12 years 24 (53.3%) 11 (40.7%)
>12 years 17 (37.8%) 10 (37.0%)
Mortality (n, %) 13 (28.9%) 15 (55.5%) 0.045"
GCS P (median, IQR) 6.0 (3.0-7.0) 4.0 (1.0-6.0) 0.058°
Pupils, n
-Both reactive 28 (62.2%) 11 (40.7%)

0.057"

-Anisocoria 5(11.1%) 3 (11.1%)
-Mydriasis 12 (16.7%) 13 (48.1%)
ICP (mmHg) Median (IQR)
-Admission 16.0 (12.0-34.5) 26.0 (14.0-48.0) 0.348"
CPP (mmHg) Median (IQR)
-Admission 60.0 (50.0-68.2) 58.0 (30.0-71.0) 0.924°
Minimum SBP (mmHg), n
<P10 16 (35.6%) 11 (40.7%) 0.802"
>P10 29 (64.4%) 16 (35.6%)
Maximum SBP (mmHg), n
<P99 11 (24.4%) 12 (44.4%) 0.117*
>P99 34 (75.6%) 15 (55.6%)
Minimum MBP (mmHg), n
<P5 7 (15.6%) 8(29.6%) 0.230"
>P5 38 (84.4%) 19 (70.4%)
Maximum MBP (mmHg), n
<P95 31 (68.9%) 14 (51.9%) 0.462"
>P95 14 (31.1%) 13 (48.1%)
Maximum DBP (mmHg), n
<P99 35(77.8%) 17 (63.0%) 0.177*
>P99 10 (22.2%) 10 (37.0%)
Tachycardia, n
-Yes 20 (44.4%) 14 (51.9%) 0.629"
-No 25 (55.6% 13 (48.1%)
Mechanical ventilation days (Median, IQR) 7.0 (4.0-10.0) 5.5(2.0-15.2) 0.751°
Days on vasoactive drugs (Median, IQR) 5.0(2.0-6.7) 2.0 (0.5-7.0) 0.124°
PICU Length of stay Observed (days)
(Median, IQR) 8.0 (5.2-12.0) 5.5 (2.0-16.0) 0.354°
PRISM III (Median, IQR) 13.0 (7.5-22.0) 17.0 (7.0-24.0) 0.545°
Death probability (Median, IQR) 1.3(1.3-23.4) 20.7 (1.3-84.0) 0.047"
PELOD (Median, IQR) 11.0 (11.0-21.5) 21.0(11.0-31.0) 0.040"
SOFAp (Median, IQR) 6.0 (4.0-8.0) 5.0 (4.0-7.0) 0.520°




Supplemental Table 1 (continued).

Patient characteristics and physiologic data TBI (n=45) NTBI (n=27) p- value
Under medication (n, %)

Midazolan 42 (93.3%) 19 (70.4%) 0.015"
Fentanil 39 (86.7%) 15 (55.6%) 0.005"
Propofol 10 (22.2%) 6 (22.2%) 1.00°

Thiopental 8 (17.8%) 11 (40.7%) 0.052°

HRY measures (Median, IQR)
SDNN
RMSDD

Mean RR

TP median
VLF

LF

LFn

HF

HFn

LF/HF

HF+
SampEn2, 0.1
SampEn2, 0.15
SampEn2, 0.2
Poincaré SD1
Poincaré SD2

Poincaré SD1/SD2

10.13 (5.23-31.24)
2.39 (1.27-6.70)

639.51 8537.56-835.48)

78.23 (15.50-674.42)
17.62 (4.34-162.03)
12.78 (3.44-147.38)
30.90 (16.78-71.87)
9.34 (1.94-92.15)
36.13 (12.99-53.28)
0.98 (0.49-3.90)
19.43 (4.07-167.51)
0.92 (0.79-1.22)
0.70 (0.63-0.93)
0.68 (0.53-0.78)
1.69 (0.90-4.74)
14.25 (7.26-43.80)

0.14 (0.09-0.25)

6.30 (3.69-14.60)
1.52 (0.84-4.18)

561.76 (461.70-718.58)

15.36 (5.45-120.76)
6.59 (1.25-22.41)
1.92 (0.38-16.09)

20.25 (7.77-47.82)
2.59 (0.34-15.02)

56.72 (8.60-73.19)
0.31 (0.22-3.49)
5.11 (2.68-44.38)

1.00 (0.76-1.19)
0.79 (0.57-0.95)
0.68 (0.49-0.80)
1.07 (0.59-2.83)
8.89 (5.08-20.56)
0.16 (0.08-0.21)

0.088"
0.040"
0.242°
0.019°
0.025"
0.007°
0.110°
0.033"
0.589°
0.252°
0.072°
0.977°
0.714°
0.507°
0.037"
0.088"

0.680°

* Chi-Square test; b Mann-Whitney-test



Supplemental Table 2. HRV measurements in suspected brain death at admission (GCS=3
and mydriasis) and outcome (n=19).

HRY measurements Survived Brain Death p-value®

median (IQR) (n=3) (n=16)

SDNN 39.17 (31.24-39.17) 4.75 (2.22-8.62) 0.014
RMSDD 9.48 (8.21-9.48) 1.10 (0.59-1.99) 0.007
Mean NN 909.76 (705.87-909.76) 503.41 (443.13-663.31) 0.010
TP 1077.95 (826.99-1077.95) 10.69 (1.70-25.95) 0.010
VLF 579.41 (192.19-579.41) 2.25(0.44-8.54) 0.014
LF 264.44 (160.78-264.44) 0.63 (0.11-3.24) 0.014
LFn 41.65 (32.25-41.65) 23.34 (3.03-46.55) 0.260
HF 333.13 (313.14-333.14) 0.37 (0.13-5.99) 0.007
HFn 52.48 (49.70-52.48) 0.89 (0.266-6.76) 0.140
HF+ 370.34 (337.74-370.34) 3.15(0.50-17.32) 0.019
LF/HF 0.79 (0.51-0.79) 0.89 (0.26-6.76) 0.910
SampEn 2,0.1 0.79 (0.59-0.79) 0.83 (0.74-1.43) 0.500
SampEn 2,0.15 0.64 (0.47-0.64) 0.72 (0.56-1.15) 0.460
SampEn 2,0.2 0.54 (0.39-0.54) 0.60 (0.42-0.98) 0.530
Poincaré SD1 6.70 (5.80-6.70) 0.77 (0.42-1.40) 0.007
Poincaré SD2 54.98 (43.80-54.90) 6.64 (2.77-11.41) 0.014
Poincaré SD1/SD2 0.122 (0.07-0.12) 0.20 (0.09-0.34) 0.310

? Mann-Whitney test



Supplemental Table 3.

Other patient characteristics and physiologic data at the first 12 hours after PICU
admission and differences between the survivors and non-survivors.

Patient characteristics and physiologic data Survivals (n=44) Brain Death (n=28) p- value
Weight in Kg, Median (IQR) 36.5 (22.0-51.5) 29.0 (12.0-42.2) 0.188°
GCS Median (IQR) 6 (5-8) 3(3-4.75) <0.001"
SBP Median (IQR)

-Minimum 97.5 (82.5-104.0) 82.0 (62.0-89.5) <0.001"
-Maximum 136.0 (123.0-142.0) 126.5 (110.5-153.7) 0.993"
MBP Median (IQR)

-Minimum 72.0 (61.0-80.0) 63.0 (55.75-75.50) 0.075°
-Maximum 85.0 (78.5-96.0) 91.5 (82.5-108.5) 0.004°
DBP Median (IQR)

-Maximum 72.5 (63.5-80.0) 75.0 (66.2-91.0) 0.034"
HR Median (IQR)

-Admission 95.0 (76.0-112.0) 110.0 (83.5-135.0) 0.047°
-Minimum 73.5 (65.2-92.0) 98.0 (61.2-124.0) 0.045"
-Maximum 119(102.5-136.5) 157.5 (127.5-170) <0.001"
Bradycardia, n (%)

-Yes 24 (70.1%) 10 (29.4%) 0.149*
-No 20 (52.6%) 18 (47.4%)

RR Median (IQR)

_Admission 18 (15-20) 18 (15.5-21.5) 0.820
-Minimum 17.0 (14.0-20.0) 18.0 (12.0-20.0) 0.683°
-Maximum 22 (18.5-28) 24.5(20.2-29.5) 0.307°
Lactate (mmol/L) Median (IQR) 1.4 (.7-3.2) 2.2(1.5-3.9) 0.15
PCO2 (mmHg) Median (IQR)

-Minimum 29.8 (26.4-32) 28 (24.2-31.7) 0.315"
-Maximum 39.3 (34-44.9) 38.3 (36.2-51.5) 0.145"
Minimum PaO2 (mmHg) Median (IQR) 120.8 (97.1-145.0) 111.6 (86.2-155.0) 0.560"
Bicarbonate (mmol/L) Median (IQR)

-Minimum 19.6 (18-20.7) 18.3 (16.1-20.8) 0.071°
-Maximum 22.5(20-23.7) 21.6 (19.4-23.0) 0.496"
pH Median (IQR)

-Minimum 7.34 (7.30-7.40) 7.32(7.19-7.42) 0.046"
-Maximum 7.44 (7.41-7.49) 7.45 (7.38-7.52) 0.518"
Na (mmol/L) Median (IQR)

-Minimum 139 (138-140.5) 138.5 (135.5-140) 0.931°
-Maximum 141 (139-144) 145.5 (142-151.7) 0.002"
K (mmol/L) Median (IQR)

-Minimum 3.4 (3.0-3.8) 3.3 (3.1-3.8) 0.725"
-Maximum 4(3.8-4.2) 4.3 (3.8-4.7) 0.085"
Higher BUN (mmol/L) Median (IQR) 12.8 (10.7-16.5) 14.2 (10.8-20.3) 0.059"
Creatinine (mg/dL) Median (IQR)

-Maximum 0.5 (0.39-0.70) 0.5 (0.35-0.77) 0.559"




Supplemental Table 3 (continued).

Patient characteristics and physiologic data Survivals (n=44) Brain Death (n=28) p- value
Glucose (mg/dL) Median (IQR)

-Minimum 109 (97-117) 133 (97.5-153) 0.019"
-Maximum 144.5 (118.5-183.2) 194.0 (162-246.7) <0.001"
Ca*"(mmol/L) Median (IQR)

-Minimum 1.12 (1.09-1.18) 1.08 (1.01-1.18) 0.083°
-Maximum 1.20 (1.17-1.25) 1.24 (1.18-1.31) 0.009"
Total bilirubin (mg/dL) Median (IQR)

-Maximum 0.48 (0.35-0.59) 0.44 (0.33-0.62) 0.324°
Hemoglobin (mg/dL) Median (IQR)

-Minimum 9.8 (8.5-10.8) 9.9 (8.5-12.69 0.420°
-Maximum 11.5(10.45-12.5) 11.4 (10.2-13.1) 0.724°
WBC count (cellsxlOg/L) Median (IQR)

-Minimum 12.29 (8.40-14.28) 14.01 (9.43-17.04) 0.363°
-Maximum 17.98 (13.45-22.72) 17.79 (13.23-22.50) 0.784°
Platelet count (cellsxlOg/L) Median (IQR)

-Minimum 201 (157.7-247) 191.2 (104-223.5) 0.816°
-Maximum 238.5 (203.5-266) 225.5(151-322.7) 0.715
Body temperature (°C), n

<35°C 9 (31.0%) 20 (69.0%) <0.001"
35-38% 21 (80.8%) 5(19.2%)

>38°C 14 (82.4%) 3 (17.6%)

C Protein (mg/dL) median (IQR)

-Admission 10 (2-35.7) 17.4 (2.7-105.2) 0.036"
Glycemia (mg/dL), n

<60 0 (0%) 0 (0%) 0.003"
>60<180 32 (76.2%) 10 (23.8%)

> 180 mg/dL 12 (40.0%) 18 (60.0%)

Higher PTT (seconds) Median (IQR) 14.35 (13.27-15.42) 16.3 (13.42-18.85) 0.016"
Higher PT (seconds) Median (IQR) 30.65 (26.05-32.85) 36.3 (29.47-47.17) 0.666"
EVD placement, n

-Yes 5(33.3%) 10 (66.7%) 0.007%
-No 39 (68.4%) 18 (31.6%)

Decompressive craniotomy, n

-Yes 8 (72.7%) 3(27.3%) 0.51°
-No 36 (59.0) 25 (41.0%)

Sedation, n

-Yes 44 (65.7%) 23 (34.3%) 0.070"
-No 0 (0%) 5 (100%)

Catecholamines, n

-Yes 20 (47.6%) 22 (52.4%) 0.007%
-No 24 (80.0%) 6 (20.0%)

Midazolan, n

-Yes 42 (68.9 %) 19 31.1%) 0.002"
-No 2 (18.2%) 9 (81.8%)




Supplemental Table 3 (continued).

Patient characteristics and physiologic data Survivals (n=44) Brain Death (n=28) p- value

Tiopental, n

-Yes 14 (73.7%) 5(26.3%) 0.150"
-No 30 (56.6%) 23 (43.4%)

Propofol, n

-Yes 8 (50.0%) 8 (50.0%) 0.227°
-No 36 (64.3%) 20 (35.7%)

Fentanil, n

-Yes 38 (70.4%) 16 (29.6%) 0.011*
-No 6 (33.3%) 12 (66.7%)

Rocuronium, n
-Yes 17 (81.0%) 4 (19.0%) 0.023*
-No 27 (52.9%) 24 (47.1%)

Dopamine, n
-Yes 4 (28.6%) 10 (71.4%) 0.012*
-No 40 (69.0%%) 18 (31.0%)

Noradrenaline, n
-Yes 16 (48.5%) 17 (51.5%) 0.037°
-No 28 (71.8%) 11 (28.2%)

Adrenaline, n
-Yes 2 (66.7%) 1 (33.3%) 0.666"
-No 42 (60.9%) 27 (39.1%)

* Chi-Square test; b Mann-Whitney-test



Supplemental Table 4. Relation between Poincaré SD1/SD2 cutoff values and outcome.

Qutcome and prognostic tools Poincaré SD1/SD2 p-value
<0.27 >0.27
(n=59) (n=13)
Survived * *
-Yes 41 (69.5%) 3(23.1%) 0.003*
-No 18 (30.5%) 10 (76.9%)
PRISM III (median, IQR) 13 (7-20) 23 (10.5-27.5) 0.035°
PRISMIII < 12 Survived 26 (44.1%) 2 (15.4%) 0.340?
(n=32) BD 3(.1%) 1(7.7%)
PRISM III >12 Survived 15 (25.4%) 1(7.7%) 0.0272
(n=40) BD 15 (25.4%) 9 (69.2%)

2 Chi Square test; ® Mann-Whitney test. PRISM III- Pediatric Risk of Mortality;
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ARTICLE INFO ABSTRACT

Keywords: Objective: We aimed to assess medium-to long-term neurological outcomes in children with severe acute brain

Brain Injury injury (ABI) and to identify cardiovascular predictors associated with unfavorable outcomes, such as heart rate

grognosm (HR), blood pressure (BP), and heart rate variability (HRV). HRV refers to the oscillations in the intervals be-
utcome

tween consecutive heartbeats, reflecting the dynamic interplay between sympathetic and parasympathetic im-

I\D/Il:;zll{d:g pulses to the heart. It provides a non-invasive indicator of autonomic nervous system (ANS) activity.

Children Design: Prospective observational cohort.

Heart rate variability Setting: Tertiary academic pediatric intensive care unit (PICU).

Blood pressure Patients: Children >27 days and <18 years old admitted to the PICU after severe ABI who survived to PICU
Heart rate discharge. Children suspected of being brain dead at PICU admission or with cardiac arrythmias were excluded.

Interventions: None.

Measure: ments: Physiological variables, neurological data, chemistry and hematologic tests and medication were
collected within the initial 12 h following admission to the PICU. Linear and nonlinear indices of HRV obtained
from electrocardiogram (ECG) Holter recordings, computerized tomography (CT) and PICU scores, as well as
survival rates within the PICU, were evaluated. The primary outcome measure was global functional outcome as
measured by the Pediatrics Glasgow Outcome Scale Extended (GOSE-Peds) at 3 and 12 months after injury.
These data were taken by reviewing the medical records. The outcome was dichotomized into favorable and
unfavorable based on predefined cutoffs. None to mild disability (GOSE-E PEDS category <2) was categorized as
favorable outcome, whereas moderate to severe disability was categorized as unfavorable (GOSE-E PEDS cate-
gory >3).

Main results: Thirty-one children with ABI were eligible for the study. Twenty-four were male (77.4 %) and they
had the median age of 11.3 years old (IQR 5.6-14.3). Twenty-two (71.0 %) patients had traumatic brain injury
(TBI) and five (16.1 %) cerebral hemorrhage. Sixteen children (51.6 %) had a favorable outcome at 3 months and
twenty-one (67.7 %) at 12 months. The presence of tachycardia or bradycardia was not related to the prognosis.
Patients with systolic arterial blood pressure (SBP) above the 95th percentile in the first 12 h after admission to
the PICU exhibited a significantly better neurological outcome [15 (68.2 %) vs. 9 (31.8 %), p = 0.006] at 3
months, and [20 (83.3 %) vs. 4 (16.7 %), p = 0.002] at 12 months. Calculated HRV values were higher, both on
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admission and 12 h after admission, in patients with a favorable prognosis at 3 and 12 months. However, these
results were statistically significant only for RMSSD, LF, TP, and Poincaré SD1 and SD2 at 12 h after admission
and for outcomes at 3 months. Patients with LF > 70.0 ms? at 12 h after admission had a significantly better
outcome at 12 months [11.0 (91.7 %) vs 1.0 (8.3 %), p = 0.046]. 87.5 % of patients with SDNN >35.0 ms and
70.5 % of patients with RMSSD >3.2 ms, at 12 h after admission, showed a statistically significative better
outcome at 3 months. Patients who had a more unfavorable prognosis spent significantly more time on me-
chanical ventilation and had a longer length of stay (LOS) in the PICU.

Conclusions: This study suggests that elevated early SBP and HRV indices—particularly LF power measured 12 h
after PICU admission—may serve as independent, non-invasive predictors of long-term neurological outcomes in
children with severe ABI. These findings support the role of early autonomic activation as a marker of favorable
prognosis and underscore the potential value of incorporating cardiovascular and autonomic monitoring into
prognostic models and individualized neuroprotective strategies in pediatric neurocritical care.

1. Introduction

Acute acquired brain injury (ABI) refers to any sudden damage to the
brain that occurs after birth, caused by either traumatic or non-
traumatic factors. These injuries lead to an abrupt disruption of brain
function, with symptoms that vary depending on the injury’s severity
and the affected brain regions. ABI can be categorized into traumatic
brain injury (TBI) and non-traumatic brain injury (NTBI). NTBI includes
conditions such as stroke, subarachnoid hemorrhage, hypoxic or anoxic
brain injury, central nervous system infections (e.g., meningitis or en-
cephalitis), and metabolic or toxic insults. There is an increasing need
for reliable, early predictors of neurological outcomes in children
following these types of brain injuries, as timely and accurate prog-
nostication is crucial for guiding treatment and rehabilitation strategies
[1,2].

Cardiovascular abnormalities, like heart rate (HR), blood pressure
(BP) and heart rate variability (HRV), arising from brain injury, may
have a role as prognostic factors [1,3]. HRV is a simple, widely used
non-invasive measure of the cardiac autonomic nervous system (ANS),
indicating heart-brain interactions and potentially assessing functional
outcomes [4,5]. Studies link increased HRV with better neurological
functions in adults with ABI [5]. HRV research, as defined by the Task
Force, traditionally relies on linear time-domain and frequency-domain
methods to assess physiological states, psychological conditions, and
various pathologies. These approaches offer valuable insights into ANS
regulation and its impact on health, providing a framework for under-
standing the relationship between HRV and both normal and abnormal
physiological processes [6,7]. While linear methods remain
well-established and are widely regarded as the “gold standard” in HRV
analysis, non-linear methods are less frequently employed in clinical
practice. However, non-linear approaches have the potential to provide
additional insights into autonomic regulation, especially in more com-
plex or dynamic conditions. These methods can uncover aspects of HRV
that linear techniques may miss, thus offering complementary perspec-
tives. While linear analysis remains essential, the growing use of
non-linear methods is emphasizing their increasing importance in
advancing our understanding of HRV and its clinical relevance. These
techniques hold promise in elucidating the intricate interactions be-
tween the parasympathetic and sympathetic nervous systems, offering a
more detailed and comprehensive understanding of R-R interval varia-
tions [7,8].

HRV measurements are essential for assessing ANS function and
cardiovascular health in children severely affected by ABL In a previous
study, the authors examined 72 children with severe ABI and found that
tachycardia, systolic hypotension, and median hypo- and hypertension
during the first hours after PICU admission were significantly associated
with mortality. Additionally, they discovered that higher HRV values
acted as a prognostic factor for survival, suggesting that patients with
dynamic and elevated HRV are better protected against death [1].

Improvements in the immediate care of ABI decrease the risk of
death but can result in various levels of functional impairment, thereby
increasing the rehabilitation requirements for survivors. The ability to
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foresee the medium-to-long-term outcome trajectory assists clinicians in
setting priorities and refining the approach to customize rehabilitation
needs for each patient. Children are extremely vulnerable to internal and
external insults such as ischemia, hypoxia, traumatic force and infection.

This study evaluated the prognostic value of cardiovascular moni-
toring at PICU admission in children with severe ABI (both traumatic
and non-traumatic). Specifically, it tracked heart rate (HR), blood
pressure (BP), and both linear and non-linear HRV measures, aiming to
provide valuable early prognostic tools for predicting neurological
outcomes (GOSE-E Peds) at 3 and 12 months. The study also compared
these measures with other established prognostic factors.

2. Material and methods

The procedures followed were in accordance with the ethical stan-
dards of the responsible institute committee on human experimentation
and with the Helsinki Declaration of 1975. This study, titled Analysis of
cardiovascular variability in critical illness: follow-up and prognosis, was
approved by the institutional Ethic Commission and by the Portuguese
data protection authority (IRB number: 19776) on July 27, 2006. Par-
ents have given signed informed consent for inclusion of their children
in the database.

2.1. Study site

The PICU of Sao Joao University Hospital Center is a single tertiary
multidisciplinary 10-bed pediatric critical care unit, serving both med-
ical and surgical specialties.

2.2. Study population

Children aged more than 27 days and less then 18 years-old,
admitted to the PICU with ABI, from January 2006 to December 2017
were prospectively screened for recruitment. Patients were included if
they had PICU length of stay (LOS) > 12 h and survived to PICU
discharge.

Exclusion criteria: moderate or severe neurologic disability pre-ABI,
suspected brain dead (BD) at admission (defined as Glasgow Coma Scale
3 and mydriasis) [9,10], congenital heart disease, cardiac arrhythmias,
previous epilepsy, diabetes mellitus or other peripheral neurologic
impairment.

Patients who met the selection criteria were included if there was the
possibility of obtaining an electrocardiographic record upon admission
and after 12 h by a member of the research team and if it was feasible to
assess the GOSE E-Peds through clinical records up to 12 months after
discharge from the PICU.

2.3. Data collection and management
Physiologic data was collected from the admission record and

registered in the first 12 h. Baseline data collected after PICU admission
included age, weight, prior medical history and admission diagnoses,
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and heart rate (HR), respiratory rate (RR), blood pressure (BP), intra-
cranial pressure (ICP), cerebral perfusion pressure (CPP), pupillary light
reactivity, and body temperature registered hourly during the Holter
registration. The minimum and maximum values recorded during each
hour were used.

BP was recorded and classified into the following percentiles based
on age and gender: <5th, 5th-95th and >95th, using previously pub-
lished percentiles [11]. Tachycardia was defined as follows: >180 cpm
for those under 12 months old; >140 bpm for individuals aged 12
months to 10 years; and >120 bpm for those over 10 years old. Brady-
cardia was defined as HR < 100 bpm for those <12 months old; <70
bpm for individuals aged 1-10 years; and <60 bpm for those over 10
years old [12,13]. Hypothermia was defined when core temperature was
below 35 °C and hyperthermia when it was higher than 38 °C. Hypo-
glycemia was defined as < 60 mg/dL and hyperglycemia >180 mg/dL
[14]. PICU scoring systems - Pediatric Risk of Mortality Score (PRISM
I1I) and Probability of Death, Glasgow Coma Scale (GCS) and GCS-Pupil
Score at admission, Pediatric Index Mortality 3 (PIM -3), Pediatric Lo-
gistic Organ Dysfunction (PELOD), Pediatric Sequential Organ Failure
Assessment (pSOFA), Injury Severity Score (ISS) and Pediatric Trauma
Scale (PTS) were calculated and registered in the first 12 h after
admission [15,16]. High-resolution 12-lead ECG Holter recordings
(1000 Hz sample frequency) were taken within the first 12 h after
admission. ECG recordings were automatically annotated using a
wavelet-based system previously developed and validated [17]. CT
images of all the patients were reviewed by a neuroradiologist, who
classified them according to different CT scoring systems based on the
type of intracranial injury [18-21]. In patients with traumatic brain
injury (TBI) Rotterdam, Helsinki, and Marshall CT scoring systems were
used. In patients with intracerebral hemorrhage (ICH), the ICH score
was applied and the presence of subarachnoid hemorrhage (SAH)
and/or intraventricular hemorrhage (IVH) was assessed.

2.4. Data and statistical analysis

A multi-scale wavelet-based ECG annotator previously developed
and validated [17] was applied to obtain single lead (SL) based anno-
tations and multi-lead based peak annotations obtained as the median
mark of the 8 SL annotators for R peak from leads I, III, V1-V6, excluding
outliers. The interval RR(n) related to the nth beat is defined as the time
from (n-1)' to the nth beat measured between consecutive R multi-lead
based annotated R peaks. HRV analysis was performed (the linear and
non-linear HRV measures used are explained in Supplemental Table 1)
for all consecutive and non-overlapping 10-min segments of the tacho-
grams (obtained after R peak detection on the ECG), including linear
time-domain and frequency-domain analysis, as well as non-linear
analysis. As used before for some of the authors [22], a 10-min dura-
tion was chosen to effectively capture variability patterns, avoiding se-
quences with fewer than 300 data points in a 5-min segment where the
average RR interval exceeds 1 s, which could potentially compromise
the stability of entropy calculations [23,24]. In order to account for
considerable diferences in the average beat-to-beat sampling across the
sample, the tachograms were resampled using cubic spline interpolation
at 4 Hz. After detecting the R-waves, the recordings were visually
analyzed, and the traces with the highest quality, best signal stability,
minimal artifacts, and absence of ectopic beats were selected. No other
type of preprocessing was applied. In each case, two visually selected
10-min segment was chosen for its signal stability in the first two and 12
h after admission.

To study the ANS in our sample, we assessed HRV. We used a com-
bination of linear and non-linear methods to evaluate HRV, as described
below and shown in Supplemental Table 1. We calculated linear time-
domain measures including [25]: Mean RR interval (in milliseconds),
which represents the average time between consecutive heartbeats;
SDNN (Standard Deviation of RR intervals in milliseconds), which re-
flects the overall variability of HR and RMSSD (Root Mean Square of
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Successive Differences, in milliseconds) which measures short-term
variations in HR. For the frequency domain analysis, we used a
method called the Welch method (with a Hanning window) [25], which
breaks down the heart rate signal into different frequency bands. We
looked at: Very Low Frequency (VLF) (0-0.04 Hz); Low Frequency (LF)
(0.04-0.15 Hz); High Frequency (HF) (0.15-0.40 Hz) and, given the
wide age range in our sample (from 1 month to 18 years), we also
considered an extended HF + band (0.15-1.00 Hz). Additionally, we
calculated the LF/HF ratio [26], which shows the balance between
sympathetic and parasympathetic activity, and Total Power (TP), which
represents the overall variability in the heart rate signal. For non-linear
analysis, we calculated Sample Entropy (SampEn) [27,28], which
measures the complexity of the heart rate time series, using different
tolerance values (0.1xSD, 0.15xSD, 0.2xSD) and an embedding dimen-
sion of 2 [29]. We used 2400 data points, corresponding to 10-min
segments sampled at 4Hz. Lastly, we computed non-linear indices
from the Poincaré plot, including SD1 (short-term variability), SD2
(long-term variability), and their ratio (SD1/SD2) [26,27]. This
comprehensive analysis allowed us to evaluate autonomic regulation
and better understand the physiological dynamics of our sample.

Descriptive statistics were expressed as a fraction of the total popu-
lation, mean =+ standard deviation (SD), and/or median with inter-
quartile range (IQR). Continuous variables were compared using the
Student’s t-test if normally distributed, or the Mann-Whitney test if not
normally distributed. Categorical variables were compared using the
Chi-square statistic. No corrections for multiple comparisons were
applied, as the aim was to explore preliminary associations. To quantify
HRV measures and identify clinically relevant cut-off points for neuro-
logical outcomes, we employed the precision-recall curve. A cut-off
value was selected based on a minimum precision threshold of 0.8.
Statistical significance was determined when the p-value was below
0.05. A multivariable binary logistic regression was performed to assess
the association between HRV indices (using pre-defined cut-off values)
and functional outcomes at one year, while controlling for age and sex.
0Odds ratios (OR) with corresponding 95 % confidence intervals (CI)
were calculated. All statistical analyses were using SPSS statistical
software (SPSS, release 28.0, SPSS Inc., Chicago, IL, USA).

2.5. Outcomes assessment

The primary outcome measure was global functional outcome as
measured by the Pediatrics Glasgow Outcome Scale Extended (GOSE-
Peds) at 3 and 12 months after injury [30]. These data were taken by
reviewing the medical records (Appendix). The outcome was dichoto-
mized into favorable and unfavorable based on predefined cutoffs
(Table 1). None to mild disability (GOSE-E PEDS category <2) was
categorized as favorable outcome, whereas moderate to severe disability
was categorized as unfavorable (GOSE-E PEDS category >3). We aimed
to assess medium-to-long-term neurological outcomes in children with
severe ABI and identify cardiovascular predictors linked to unfavorable
outcomes.

Table 1

Assessment tool used in the study.
Outcome Examination/Tool Description
Neurologic GOSE-E Peds™ Scores:

6: Lower severe disability (lower SD)

5: Upper severe disability (upper SD)

4: Lower moderate disability (lower MD)
3: Upper moderate disability (upper MD)
2: Lower good recovery (lower GR)

1: Upper good recovery (upper GR)
Favorable outcome: Score 1-2
Unfavorable outcome: Score 3-6

@ GOS-E Peds - Glasgow Outcome Scale-extended Pediatric version.
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3. Results

Thirty-one children with ABI were selected based on convenience
sampling. These cases met the predefined inclusion criteria, had ECG
data available, and were included during periods when the investigator
was available to collect and process the data. Twenty-four were male
(77.4 %) and they had the median age of 11.3 years old (IQR 5.6-14.3).
Twenty-two (71.0 %) patients had traumatic brain injury (TBI), five
(16.1 %) cerebral hemorrhage and the others meningoencephalitis,
stroke, hypoxic-ischemic encephalopathy and status epilepticus
(Supplemental Table 2 and Table 2). Patients with TBI presented a better
outcome (Supplemental Table 2). No significant difference between
outcome and age or gender was found (Table 2). According with GOSE
E-Peds, sixteen children (51.6 %) had a favorable outcome at 3 months
and twenty-one (67.7 %) at 12 months (Table 2).

When studying HR and BP as predictors of neurological outcomes in
pediatric patients, we found that the presence of tachycardia or

Table 2
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bradycardia was not associated with prognosis (Table 2). However,
patients with systolic blood pressure (SBP) above the 95th percentile
during the first 12 h after admission to the PICU showed significantly
better neurological outcomes. At 3 months, 68.2 % (15 patients) with
SBP >95th percentile had a good outcome, compared to 31.8 % (9 pa-
tients) with SBP <95th percentile (p = 0.006). At 12 months, 83.3 % (20
patients) with SBP >95th percentile had a good outcome, compared to
16.7 % (4 patients) with SBP <95th percentile (p = 0.002) (Table 2).

The calculated HRV values were higher, both at admission and 12 h
after admission, in patients with a favorable prognosis at 3 and 12
months. However, only some of the HRV values at 12 h post-admission
were statistically significant in relation to the 3- and 12-month GOSE-
Peds outcomes (Table 3).

In this exploratory study, we aimed to quantify HRV measurements
and identify clinically relevant cut-off points for neurological outcomes.
We used the precision-recall curve to select a cut-off point based on a
minimum precision value of 0.8.

Patient characteristics and physiologic data at the first 12 h after PICU admission and differences between favorable and unfavorable outcome at 3 and 12 months

according to Glasgow Outcome Scale-Extended Pediatric (GOSE-E Peds).

Patient characteristics and Total (n = 31) GOSE-E Peds 3 months

GOSE-E Peds 12 months

physiologic data

Favorable outcome Unfavorable outcome p- Favorable outcome Unfavorable outcome p- value
(n=16) (n=15) value (n=21) (n=10)
Median Age (IQR) atadmission ~ 11.3 years 9.0 years (5.7-12.2) 13.0 (2.6-15.1) 0.252" 11.33 years 12.13 years 0.612"
(5.6-14.3) (5.83-13.75) (2.50-15.67)
Age group, n (%) 0.096" 0.361"
<2 years 2 (6.5 %) 1 (50.0 %) 1 (50.0 %) 1 (4.8 %) 1 (10.0 %)
>2 years < 5 years 4 (12.9 %) 1(25.0 %) 3 (75.0 %) 2 (9.5 %) 2 (20.0 %)
>5 years < 12 years 13 (41.9 %) 10 (76.9 %) 3(23.1 %) 11 (52.4 %) 2 (20.0 %)
>12 years 12 (38.7 %) 4 (33.3 %) 8 (66.7 %) 7 (33.3 %) 5 (50.0 %)
GCS P (median, IQR) 6.0 (5.0-8.0) 7.5 (6.0-8.0) 6.0 (4.0-7.0) 0.020" 7.0 (5.5-8.0) 6.0 (3.7-6.2) 0.082"
Pupils, n (%) 0.600" 1.00"
- Both reactive 28 (90.3 %) 15 (93.8 %) 13 (86.7 %) 19 (67.9 %) 9 (32.1 %)
- Anisocoria 3 (9.7 %) 1(6.3 %) 2(13.3 %) 2 (66.7 %) 1(33.3%)
ICP (mmHg) 0.695" 0.445"
Median (IQR) 15.5 (11.0-24.5) 15.0 (11.0-23.0) 18.0 (11.5-25.5) 16 (10.0-25.0) 16 (10.0-22.0)
- Admission
CPP (mmHg) 0.747" 0.231"
Median (IQR)
- Admission 60.5 (56.8-70.2) 60.0 (55.0-71.0) 64.0 (57.2-68.5) 60.0 (55.0-67.0) 65.0 (59.0-72.0)
Minimum SBP (mmHg), n (%) 1.00" 0.381"
< P5 8 (25.8 %) 4 (50.0 %) 4 (50.0 %) 4 (50.0 %) 4 (50.0 %)
> P5 23 (74.2 %) 12 (52.2 %) 11 (47.8 %) 17 (73.9 %) 6 (26.1 %)
Maximum SBP (mmHg), n (%) 0.037° 0.002%
<P95 7 (22.6 %) 1(14.3 %) 6 (85.7 %) 1(14.3 %) 6 (85.7 %)
>P95 24 (77.4 %) 15 (62.5 %) 9 (37.5 %) 20 (83.3 %) 4 (16.7 %)
Minimum MBP (mmHg), n (%) 1.00" 1.00"
< P5 3 (9.7 %) 2 (66.7 %) 1(33.3 %) 2 (66.7 %) 1(33.3 %)
>P5 28 (90.3 %) 14 (50.0 %) 14 (50.0 %) 19 (67.9 %) 9 (32.1 %)
Maximum MBP (mmHg), n (%) 1.00" 0.417¢
<P95 22 (71.0 %) 11 (50.0 %) 11 (50.0 %) 16 (72.7 %) 6 (27.3 %)
>P95 9 (29.0 %) 5 (55.6 %) 4 (44.4 %) 5(55.6 %) 4 (44.4 %)
Maximum DBP (mmHg), n (%) 1.00% 1.00"
<P95 22 (71.0 %) 11 (50.0 %) 11 (50.0 %) 15 (68.2 %) 7 (31.8 %)
>P95 9 (29.0 %) 5(55.6 %) 4 (44.4 %) 6 (66.7 %) 3(33.3 %)
Tachycardia, n (%) 0.458" 0.685"
- Yes 10 (32.2 %) 4 (40.0 %) 6 (60.0 %) 6 (28.6 %) 4 (40.0 %)
- No 21 (67.7 %) 12 (57.1 %) 9 (42.9 %) 15 (71.4 %) 6 (60.0 %)
Bradycardia, n (%) 0.484" 1.00"
- Yes 2 (6.5 %) 2(100.0 %) 0 (0.0 %) 2 (9.5 %) 0 (0.0 %)
- No 29 (93.5 %) 14 (48.3 %) 15 (51.7 %) 19 (90.5 %) 10 (100.0 %)
Mechanical ventilation days 10.0 (5.0-16.2) 7.5 (5.0-10.0) 18.5 (11.5-24.5) 0.026" 8.0 (5.0-10.0) 18.0 (15.0-20.0) 0.001"
(Median, IQR)
Days on vasoactive drugs 5.0 (2.0-8.5) 5.0 (4.0-6.0) 6.0 (0.0-10.0) 0.613" 5.0 (3.0-7.0) 7.0 (1.0-10.0) 0.379"
(Median, IQR)
PICU Length of stay Observed 11.0 (7.2-16.7) 9.0 (6.0-11.0) 17.0 (11.0-23.0) 0.007° 10.0 (6.0-12.0) 20.0 (16.0-24.0) <0.001"

(days)
(Median, IQR)

IQR - inter quartile; GCS P- Pupillary Glasgow Coma Scale; ICP- intracranial pressure; CPP — cerebral perfusion pressure; SBP- systolic blood pressure; MBP — median

blood pressure; DBP — diastolic blood pressure; PICU — Pediatric Intensive Care Unit.

@ Chi-Square test.
b Mann-Whitey-test.
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Table 3
HRV measurements and outcome at 3 and 12 months (GOSE-E Peds).

HRV measures Total (n = 31) GOSE-E Peds 3 months GOSE E-Peds 12 months

(median, IQR)

Favorable outcome (n  Unfavorable outcome p-value Favorable outcome (n  Unfavorable outcome p-value
=16) (n=15) =21) (n=10)

Mean NN

- Admission 706.62 672.21 718.58 0.711°  679.15 714.13 0.520 "
(560.77-859.87) (552.53-874.63) (597.59-835.48) (555.28-866.75) (562.91-885.25)

— 12th hours 764.22 804.66 687.66 0.520°  777.28 701.93 0.603"
(613.24-907.87) (578.29-919.60) (613.24-907.87) (599.28-909.09) (561.33-926.21)

SDNN

- Admission 12.35 (5.55-25.80) 16.50 (5.66-27.22) 11.37 (4.82-25.80) 0.323" 15.72 (5.64-25.80) 10.03 (4.80-18.48) 0.375"

— 12th hours 16.51 (5.08-35.35) 27.71 (5.06-40.21) 10.10 (5.08-23.61) 0.236 " 21.40 (4.83-36.98) 13.31 (5.83-23.61) 0.735"

RMSDD

- Admission 3.82 (1.30-6.59) 4.41 (1.90-9.77) 2.70 (1.08-4.65) 0.192"° 4.18 (1.65-8.04) 2.89 (1.08-4.61) 0.331"

— 12th hours 4.12 (2.00-12.50) 8.30 (2.97-15.29) 2.75 (0.89-6.99) 0.014 " 5.21 (2.33-15.00) 2.77 (1.08-8.26) 0.190 "

TP

- Admission 120.76 17796 112.20 (9.75-270.30) 0.304 " 125.84 83.64 (13.89-164.35) 0.390 "
(14.63-419.76) (27.41-594.98) (24.31-674.42)

— 12th hours 171.43 615.0 57.0 (6.53-412.33) 0.027 ° 412.33 91.39 (9.84-293.76) 0.310"
(16.54-930.26) (28.6-1392.48) (18.40-1070.97)

VLF

- Admission 22.40 (5.27-34.53) 26.19 (6.34-159.21) 13.70 (3.38-104.37) 0.363 " 29.98 (6.29-150.57) 12.10 (4.85-52.89) 0.272"°

— 12th hours 31.78 100.60 (6.09-304.0)8 29.48 (2.10-101.81) 0.069 ” 86.36 (5.72-236.25) 29.59 (3.65-93.24) 0.254 "
(3.65-148.53)

LF

- Admission 16.09 (3.44-95.75) 32.83 (5.8-4132.66) 16.09 (0.8-167.79) 0.304 " 16.09 (5.21-147.38) 17.26 (0.81-17.97) 0.331"

— 12th hours 27.16 84.39 (5.04-247.42) 13.55 (0.67-66.81) 0.033 " 79.63 82.98-185.32) 17.97 (0.72-42.36) 0.205 "
(2.76-128.35)

LFn

- Admission 28.13 29.92 (14.30-59.87) 20.25 (16.59-69.30) 0.984 " 28.95 (14.43-67.26) 19.81 (14.12-59.96) 0.663 "
(14.69-62.58)

— 12th hours 23.58 25.05 (12.12-34.95) 16.17 (11.74-39.59) 1.00° 25.04 (12.45-35.89) 15.67 (10.68-64.51) 0.950 ©
(11.78-37.84)

HF

- Admission 29.26 (2.34-92.15) 52.24 (4.01-197.99) 15.02 (2.34-86.00) 0.453 " 51.47 (4.61-149.96) 17.17 (2.34-66.28) 0.612"°

— 12th hours 44.49 171.56 3.96 (2.32-162.02) 0.123 " 158.49 (2.32-176.59) 4.46 (2.32-176.59) 0.422°
(2.49-335.03) (16.07-679.34)

HFn

- Admission 48.73 36.79 (14.73-70.29) 56.97 (19.10-70.69) 0446 " 37.45 (15.30-65.46) 65.61 (18.17-78.06) 0.268 ©
(15.56-70.69)

— 12th hours 54.94 50.82 (25.45-68.83) 60.86 (42.48-76.12) 0.264 " 51.11 (35.64-66.70) 68.79 (15.10-82.42) 0.287 "
(32.05-71.79)

LF/HF

- Admission 0.78 (0.24-3.27) 1.00 (0.23-2.03) 0.30 (0.24-3.90) 0.813 " 0.97 (0.27-2.23) 0.29 (0.22-3.90) 0.583 "

— 12th hours 0.42 (0.18-1.44) 0.52 (0.20-1.63) 0.23 (0.14-0.79) 0.502 " 0.45 (0.20-0.85) 0.22 (0.14-24.0) 0.833"

HF +

- Admission 37.31 80.38 (10.13-291.23) 19.86 (4.08-98.08) 0.268 " 74.28 (6.11-256.07) 24.00 (4.08-82.65) 0.176 "
(5.88-167.51)

— 12th hours 49.65 229.61 7.27 (3.88-195.84) 0.020 ° 165.11 (7.27-647.62) 7.13 (4.10-219.34) 0.291 "
(5.46-521.15) (21.34-983.29)

SampEn2, 0.1

- Admission 0.94 (0.81-1.24) 0.99 (0.86-1.29) 0.92 (0.71-1.22) 0.192° 0.98 (0.83-1.29) 0.91 (0.76-1.13) 0.291 °

— 12th hours 0.92 (0.76-1.11) 0.95 (0.76-1.20) 0.86 (0.71-1.04) 0.465 " 0.95 (0.76-0.71) 0.85 (0.71-1.03) 0.245 "

SampEn2, 0.15

- Admission 0.74 (0.66-0.95) 0.76 (0.69-0.98) 0.71 (0.56-0.95) 0.185 " 0.755 (0.69-0.97) 0.70 (0.57-0.88) 0.254 "

— 12th hours 0.72 (0.58-0.90) 0.75 (0.61-0.93) 0.68 (0.57-0.81) 0.323 " 0.76 (0.62-0.93) 0.64 (0.57-0.61) 0.151 "

SampEn2, 0.2

- Admission 0.62 (0.58-0.80) 0.64 (0.59-0.80) 0.61 (0.49-0.80) 0.295 " 0.62 (0.58-0.80) 0.61 (0.56-0.75) 0.176 "

— 12th hours 0.62 (0.49-0.70) 0.63 (0.50-0.77) 0.61 (0.45-0.69 0.502 " 0.64 (0.50-0.77) 0.52 (0.45-0.68) 0.272"°

Poincaré SD1

- Admission 2.46 (0.92-43.66) 3.11 (1.34-6.91) 1.90 (0.76-3.29) 0.155 " 2.96 (1.1-5.68) 2.05 (0.76-3.05) 0.272"°

— 12th hours 2.91 (1.33-10-09) 7.18 (2.07-11.36) 1.94 (0.63-4.94) 0.014 " 3.68 (1.52-10.60) 1.96 (0.76-13.92) 0.163 "

Poincaré SD2

- Admission 17.45 (7.51-35.80) 23.13 (8.43-37.98) 15.74 (6.63-35.80) 0.343" 21.96 (7.99-35.80) 13.92 (6.63-24.62) 0.375"

— 12th hours 23.2(8.22-49.20) 45.42 (14.44-56.24) 10.07 (4.33-31.59) 0.006 " 35.53 (10.07-55.03) 11.90 (7.13-0.14) 0.063 "

Poincaré SD1/SD2

- Admission 0.14 (0.09-0.20) 0.15 (0.10-0.22) 0.11 (0.08-0.20) 0.313 " 0.14 (0.10-0.20) 0.14 (0.09-0.20) 0.688 "

— 12th hours 0.17 (0.08-0.21) 0.18 (0.10-0.21) 0.13 (0.07-0.21) 0.333" 0.17 (0.10-0.20) 0.12 (0.07-0.21) 0.321°"

SDNN 12 h (n, %) 0.037 * 0.222

<35.0 23 (74.2 %) 9 (39.1 %) 14 (60.9 %) 14 (60.9 %) 9 (39.1 %)

>35.0 8 (25.8 %) 7 (87.5 %) 1(12.5 %) 7 (87.5 %) 1(12.5 %)

RMSSD 12 h (n, %) 0.032 " 0.121°

<3.2 14 (45.2 %) 4 (28.6 %) 10 (71.4 %) 7 (50.0 %) 7 (50.0 %)

>3.2 17 (54.8 %) 12 (70.5 %) 5 (29.4 %) 14 (82.4 %) 3(17.6 %)
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Table 3 (continued)
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HRV measures Total (n = 31) GOSE-E Peds 3 months

GOSE E-Peds 12 months

(median, IQR)

Favorable outcome (n Unfavorable outcome p-value Favorable outcome (n Unfavorable outcome p-value
=16) (n=15) =21) m=10)

Poincare SD2 0.029 * 0.129"

12 h (n, %)

<32.0 18 (58.1 %) 6 (33.3 %) 12 (66.7 %) 10 (55.6 %) 8 (44.4 %)

>32.0 13 (41.9 %) 10 (76.9 %) 3 (23.1 %) 11 (84.6 %) 2 (15.4 %9

LF 12 h (n, %) 0.066 * 0.046"

<70.0 19 (61.3 %) 7 (36.8 %) 12 (63.2 %) 10 (52.6 %) 9 (47.4 %)

>70.0 12 (31.7 %) 9 (75.0 %) 3 (25.0 %) 11 (91.7 %) 1 (8.3 %)

IQR - inter quartil range.
@ Chi-Square test.
b Mann-Whitey-test.

At 12 h after admission, 87.5 % of patients with SDNN >35.0 m, 70.5
% of patients with RMSSD >3.2 ms and 76.9 % of patients with Poincaré
SD2 > 32.0 ms, showed a statistically significative better outcome at 3
months (Table 3). In our logistic regression models assessing predictors
of 3-month functional outcomes, SDNN, RMSSD, and Poincaré SD2 at 12
h post-injury emerged as significant independent predictors of recovery.
The SDNN values below 35 ms were significantly associated with poorer
recovery, with children exhibiting SDNN <35 ms having significantly
lower odds of achieving good recovery (OR = 0.073, 95 % CI:
0.007-0.756, p = 0.028). The value of RMSSD at 12 h post-injury was
also a significant predictor of recovery, with lower RMSSD values being
associated with reduced odds of good recovery (OR = 0.098, 95 % CI:
0.015-0.646, p = 0.016). Similarly, Poincaré SD2 values at 12 h post-
injury were significantly associated with functional outcome, with
lower Poincaré SD2 values corresponding to lower odds of good recovery
(OR = 0.081, 95 % CI: 0.011-0.575, p = 0.012). Neither age nor sex
were statistically significant predictors in any of the models (p = 0.121
for age and p = 0.257 for sex in the RMSSD model; p = 0.083 for age and
p = 0.381 for sex in the Poincaré SD2 model). For the SDNN model, the
overall accuracy was 74.2 %, with a sensitivity of 75.0 % for good re-
covery and a specificity of 73.3 % for moderate to severe disability. For
the RMSSD model, the classification accuracy was 74.2 %, with similar
sensitivity and specificity. The Poincaré SD2 model showed lower ac-
curacy, with an overall classification accuracy of 64.5 %, sensitivity of
75.0 % for good recovery, and specificity of 53.3 % for moderate to
severe disability.

Patients with LF > 70.0 ms? at 12 h after PICU admission had a
significantly better outcome at 12 months [11 (91.7 %) vs 1 (8.3 %), p =
0.046] than patients with a lower value. In a logistic regression model
including LF power at 12 h (LF T12), gender, and age. Children with LF
T12 > 70 ms? had 11.4 times higher odds of achieving a good recovery
after 12 months compared to those with lower values (OR = 11.4; 95 %
CIL: 1.15-112.88; p = 0.037). Gender and age were not statistically sig-
nificant predictors. The model correctly classified 74.2 % of cases
overall, with high sensitivity (85.7 %) for identifying good outcomes but
lower specificity (50.0 %) for predicting poor outcomes.

The Pupillary Glasgow Coma Scale (GCS) score was lower upon
admission in children who later experienced unfavorable outcomes, as
indicated by GOSE E-Peds [(6.0, IQR 4.0-7.0) vs. 7.5 (IQR 6.0-8.0), p =
0.020], showing statistical significance at 3 months. However, this sig-
nificance did not persist at 12 months [6.0 (IQR 3.7-6.2) vs. 7.0 (IQR
5.5-8.0), p = 0.082] (Table 2). Intracranial pressure (ICP) and cerebral
perfusion pressure (CPP) at admission did not exhibit a significant
relationship with the outcome (Table 2). Patients who had a more un-
favorable prognosis spent significantly more time on mechanical
ventilation and had a longer length of stay (LOS) in the PICU (Table 2).
All 31 patients were under the effects of sedation and invasive me-
chanical ventilation at the time of data collection. Although pH and
oxygen arterial pressure (PaO,) were not related to the prognosis, pa-
tients with a worse prognosis exhibited significantly higher values of
lactate and lower values of bicarbonate in the first 12 h after admission
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(Supplemental Table 2). The presence of hypothermia (body tempera-
ture <35 °C) was associated with a worse neurological prognosis [6
(75.0 %) vs 2 (25.0 %), p = 121] at 3 month and [5 (62.5 %) vs 3 (37.5
%), p = 0.035] at 12 months (Supplemental Table 2). CT scoring systems
did not show a significant association with outcome, as shown in Sup-
plemental Table 3. PICU scoring systems (PRISM III, Probability of
death, 1SS and SOFAp) exhibited lower scores in cases of unfavorable
outcomes at 3 and 12 months; however, statistical significance was not
observed (Table 4).

4. Discussion

This study highlights the prognostic significance of early cardiovas-
cular and autonomic markers in children with severe ABL Our findings
suggest that both elevated SBP in the immediate post-injury period and
HRV indices derived from high-resolution ECG Holter recordings can
serve as independent indicators of long-term neurological outcome.
Higher HRV metrics at the first 12 h following admission were associ-
ated with a favorable neurologic outcome at 3 and 12 months after
injury. This finding is consistent with previous pediatric studies [2].

Children with systolic blood pressure (SBP) values above the 95th
percentile within the first 12 h of PICU admission demonstrated signif-
icantly better neurological outcomes at both 3 and 12 months post-
injury. These findings support the hypothesis that early post-injury hy-
pertension may reflect preserved cerebral autoregulation, potentially
offering a neuroprotective benefit. This is consistent with the observa-
tions of Silva et al. [1], who reported that children with severe ABI and
systolic hypertension (SBP >99th percentile) at admission had higher
mortality rates. Similarly, Freeman et al. [31] found that, in contrast to
the adult literature, pediatric patients with severe traumatic brain injury
and hypertension on presentation did not exhibit worse outcomes
compared to normotensive patients. However, they did observe a trend
toward increased mortality at the extremes of age-adjusted hyperten-
sion. These results align with prior evidence suggesting that hemody-
namic patterns early in the course of ABI carry important prognostic
value [1,3,32].

In parallel, HRV analysis based on 10-min ECG segments demon-
strated that autonomic indices measured 12 h after PICU admission were
predictive of favorable neurological outcomes. Specifically, elevated
values of SDNN, RMSSD, Poincaré SD2, and LF power were significantly
associated with improved neurological recovery. These findings suggest
that the autonomic mechanisms reflected by these HRV indi-
ces—capturing overall HRV, short-term parasympathetic activity, and
baroreflex-mediated control—are particularly responsive to the physi-
ological impact of pediatric acute brain injury. We utilized high-
resolution 12-lead Holter ECG recordings with a sampling frequency
of 1000 Hz, which likely provided more precise data than the lower
frequencies commonly employed in standard HRV analysis.

In this cohort of children, higher HRV metrics at the first 12 h
following admission were associated with a favorable neurologic
outcome at 3 and 12 months after injury. This finding is consistent with
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Table 4
PICU scoring systems and outcome at 3 and 12 months (GOSE-E Peds).
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PICU scoring systems Total (n = 31) GOSE E-Peds 3 months GOSE E-Peds 12 months

Favorable (n = 16) Unfavorable (n = 15) p-value” Favorable (n = 16) Unfavorable (n = 15) p-value”
PRISMIII 0.080 0.418
(Median, IQR) 10.0 (7.0-13.0) 10.0 (8.0-13.7) 7.0 (5.0-12.0) 10.0 (7.0-13.0) 8.5(5.0-13.2)
Probability of death 0.055 0.446
(Median, IQR) 0.05 (0.02-0.12) 0.06 (0.04-0.14) 0.03 (0.02-0.08) 0.05 (0.03-0.12) 0.04 (0.02-0.1)
PIM 3 0.403 0.965
(Median, IQR) 3.3(3.24.3) 3.4 (3.2-4.3) 3.3(3.2-3.6) 3.3(3.2-3.9) 3.3(3.2-4.6)
PELOD 0.552 0.083
(Median, IQR) 11.0 (2.0-12.0) 11.0 (2.0-18.7) 11.0 (11.0-12.0) 11.0 (2.0-12.0) 11.5 (11.0-21.0)
SOFAp 0.441 0.488
(Median, IQR) 4.0 (4.0-7.0) 5.0 (3.2-8.0) 4.0 (4.0-6.0) 5.0 (3.4-7.5) 4.0 (4.0-6.2)
1SS 0.481 0.402

(Median, IQR) 18.0 (16.0-25.2) 19.0 (16.0-31.2)

18.0 (16.0-25.0)

18.0 (16.0-25.5) 16.0 (16.0-25.5)

PRISM III - Pediatric Risk of Mortality Score; PIM-3 Pediatric Index Mortality 3; PELOD - Pediatric Logistic Organ Dysfunction; pSOFA - Pediatric Sequential Organ
Failure Assessment; ISS- Injury Severity Score; ISS — Injury Severity score. IQR - Inter quartile range. 'Mann-Whiney test.

@ Mann-Whitney-test.

previous pediatric studies [2].

Notably, an LF power exceeding 70 ms? was linked to an 11.4-fold
increase in the odds of a favorable outcome at 12 months, under-
scoring its potential utility as a non-invasive biomarker for early risk
stratification. In contrast, HRV indices recorded at the time of admission
did not show a significant association with outcome. This temporal
distinction suggests that HRV values obtained immediately post-injury
may primarily reflect acute physiological instability, whereas mea-
surements obtained after the initial stabilization period may better
capture sustained autonomic function with prognostic relevance.
Gender and age were not statistically significant predictors in our
models.

Despite the encouraging nature of these findings, our study has
several limitations. It was conducted at a single center and involved a
small, heterogeneous sample collected over an extended time period,
limiting generalizability and the precision of HRV cutoff values. While
no significant differences in outcomes were observed over the extended
study period, evolving critical care practices may have influenced pa-
tient management. Throughout the study period, all patients were
managed in a dedicated PICU with consistent application of core neu-
roprotective strategies, including sedation and analgesia, control of
intracranial pressure, and maintenance of normoxia, normocapnia, and
normotension. These practices were aligned with international pediatric
neurocritical care guidelines and remained stable despite incremental
advancements in monitoring and supportive care.

The exploratory nature of our HRV analysis relied on short-duration
ECG segments (10 min at admission and at 12 h), which may be affected
by signal quality issues such as R-wave detection errors, brief signal loss,
or bias in manual segment selection. Future research using longer or
continuous ECG recordings may provide more robust insight into slower
autonomic dynamics.

This study focused exclusively on neurological outcomes, assessed
retrospectively through medical records, without direct input from pa-
tients or caregivers—an approach that may limit the depth and accuracy
of outcome evaluation. Incorporating additional dimensions such as
behavioral and functional outcomes, quality of life, and academic per-
formance would have provided a more comprehensive understanding of
the long-term impact on these patients.

Our ability to establish definitive cutoff values for key HRV measures
is limited by the sample size, and these preliminary thresholds require
validation in larger, multicenter studies.

Although our center receives severe pediatric ABI cases directly,
without prior transfers, we did not systematically record the exact time
elapsed between injury and the first ECG acquisition, which could
introduce some variability into early measurements. Nonetheless, all
recordings were obtained within the first 12 h post-admission, during a
clinically relevant window for prognostic assessment.
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Finally, although we included multivariable regression models
adjusting for age and sex, the overall statistical approach remains
exploratory and was not corrected for multiple comparisons. Therefore,
the risk of type I error cannot be excluded. These findings should be
interpreted as hypothesis-generating and warrant confirmation in
larger, multicenter cohorts with broader multivariable analyses.

Future studies with larger sample sizes, multivariate analyses, and
longer recording periods are needed to validate these observations and
further elucidate the prognostic potential of HRV in pediatric ABI,
including its impact on cardiovascular risk, psychiatric outcomes, and
rehabilitation progress.

Additional observations include that patients with a worse neuro-
logical prognosis experienced longer PICU stays and required more days
of ventilation. Like Appavu et al. [33], we did not find any association
between PICU scoring systems or CT scores systems and GOSE-Peds
scores at three and 12 months. Not even the Helsinki CT score that is
a proposed novel method for predicting long-term outcome in patients
with TBI [18]. Despite examining a comprehensive array of physiolog-
ical, analytical, imaging data, and severity scores, no other cardiovas-
cular variables (besides early SBP and LF) emerged as significant
prognostic markers for 12-month outcomes. This further highlights the
distinctive prognostic value of early cardiovascular and autonomic pa-
rameters in this patient population.

Although all patients were mechanically ventilated and under
continuous sedoanalgesia, which helped standardize the sample to some
extent, we acknowledge that the 12 h period used for prognostic
assessment is relatively short, especially when considering medium-to
long-term outcomes. This time frame was selected for convenience,
allowing for comparison with established severity scores such as PRISM
III, which is calculated within the first 12 h after admission. However,
we recognize that this short interval may not fully capture the longer-
term dynamics of physiological responses, potentially limiting the ac-
curacy of our prognostic predictions.

Five patients who had an unfavorable outcome at 3 months
demonstrated meaningful recovery by 12 months, transitioning to the
favorable outcome group. This observation illustrates that early
outcome assessments may not fully reflect the trajectory of neurological
recovery in pediatric patients with severe ABI, reinforcing the value of
long-term follow-up in this population.

5. Conclusions

This study suggests that both elevated early SBP and HRV indi-
ces—particularly LF power recorded 12 h after PICU admission—may
serve as independent, non-invasive predictors of long-term neurological
outcome in children with severe ABI. These preliminary findings support
the notion that autonomic activation in the early hours following severe
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ABI is indicative of a better neurological outcome. They also highlight
the potential value of integrating early cardiovascular and autonomic
monitoring into prognostic frameworks and personalized neuro-
protective strategies in pediatric neurocritical care.
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Supplemental table 1. Linear and non-linear HRV measures calculated.

Variability analysis Parameters Units Description
Time domain
Statistical Mean NN ms The average duration of normal-to-normal RR intervals
SDNN ms Standard deviation of the NN interval.
RMSSD ms Square of the root of the mean of the sum of square differences
between adjacent NN intervals.
Frequency domain
Total power  ms? Variance of the NN intervals over the temporal segment.
(TP)
VLF ms’ Power of very low frequency range (0.0033 Hz—0.04 Hz).
LF ms’ Power of the low frequency range (0.04 Hz—0.15 Hz).
LFn n.u. Normalized low-frequency power, calculated as LF / (Total Power
— VLF) x 100
HF ms? Power of the high frequency HF in normalized units (0.15 Hz—0.40
Hz).
HFn n.u. Normalized high-frequency power, calculated as HF / (Total Power
—VLF) x 100
HF+ ms? Power of the high frequency HF+ in normalized units (0.15 Hz—
1.00 Hz).
LF/HF n.u. Low frequency/High frequency ratio.
Non-linear measures
Poincaré SD1 ms Standard deviation perpendicular to the line of identity in a
Poincaré Plot.
SD2 ms Standard deviation along the line of identity in a Poincaré Plot.
SD1/SD2 ms Ratio of SD1 to SD2.
Entropy analysis SampEn Sample entropy, measures the regularity and complexity associated

with a time series.

ms- milliseconds; n.u. - normalized units.

Adapted from: Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology, Standards of measurement of HRV guidelines and Sassi R, Cerutti S, Lombardi F, Malik M, Huikuri
H V., Peng CK, et al. Advances in heart rate variability signal analysis: Joint position statement by the e-Cardiology
ESC Working Group and the European Heart Rhythm Association co-endorsed by the Asia Pacific Heart Rhythm
Society. Europace. 2015 Jul 29;17(9):1341-53.



Supplemental table 2. Patient Characteristics and Physiologic Data at the First 12 Hours After PICU Admission
and Differences Between Favorable and Unfavorable Outcomes at 3 and 12 Months According to Glasgow
QOutcome Scale-Extended Pediatric (GOSE-E Peds).

This supplemental table presents additional variables collected during the first 12 hours after PICU admission, not
addressed in the main text. The data is stratified by outcomes at 3 and 12 months, as classified by the Glasgow Outcome
Scale-Extended Pediatric (GOSE-E Peds), distinguishing between favorable and unfavorable outcomes.

Patient characteristics and Total GOSE-E Peds 3 months GOSE-E Peds 12 months
physiologic data (n=31) Favorable outcome Unfavorable p- Favorable outcome Unfavorable p- value
(n=16) outcome (n=15) value (n=21) outcome (n=10)

Sex n (%) Female, 7 (22.6%) Female 4 (57.1%) Female 3 (42.9%) 1.002 Female 5 (71.4%) Female 2 (28.6%) 1.002
Male, 24 (77.4%) Male 12 (50.0%) Male 12 (50.0%) Male 16 (66.7%) Male 8 (33.3%)

‘Weight Median (IQR) 35.0 Kg (22.0-55.0) 30.0 Kg (22.3-48.0) 40.0 Kg (13.6-58.0) 0.342° 32.0 Kg (22.7-56.5) 39.0 Kg (13.2-48.2) 0.983"

Diagnosis. n (%) 0.064* 0.012°

-TBI 22 (71.0%) 15 (68.2%) 7(31.8%) 19 (86.4%) 3 (13.6%)

-Cerebral hemorrhage 5(16.1%) 1.(20.0%) 4 (80.0%) 2 (40.0%) 3(60.0%)

-Meningoencephalitis 1(32%) 0(0.0%) 1.(100.0%) 0(0.0%) 1 (100.0%)

-Stroke 1(3.2%) 0(0.0%) 1(100.0%) 0(0.0%) 1(100.0%)

- HI Encephalopathy 1(32%) 0(0.0%) 1.(100.0%) 0(0.0%) 1 (100.0%)

- Status epilepticus 1(3.2%) 0(0.0%) 1(100.0%) 0(0.0%) 1(100.0%)

GCS

(median, IQR) 6.0 (5.0-8.0) 7.5 (6.0-8.0) 6.0 (4.0-7.0) 0.024" 7.0 (5.5-8.0) 6.0 (4.0-6.2) 0.075"

GCS group. n (%) 0.600* 1.00*

3-8 27 (87.1%) 13 (48.1%) 14 (51.9%) 18 (66.7%) 9(33.3%)

9-12 4(12.9%) 3(75.0%) 1(25.0%) 3(75.0%) 1(25.0%)

SBP Median (IQR)

-Minimum 96.0 (81.0-103.0) 90.5 (78.7-103.2) 100.0 (82.0-103.0) 0.342° 98.0 (84.5-103.5) 92.0 879.5-105.0) 0.833"

-Maximum 137.0 (123.0-143.0) 138.0 (127.0-145.0) 137.0 (120.0-142.0) 0.464° 140.0 (128.0-145.0) 129.0 (107.2-139.0) 0.060°

MBP Median (IQR)

-Minimum 71.0 (61.0-77.0) 71.5 (62.0-80.7) 70.0 860.0-76.0) 0.514° 71.0 (63.0-80.5) 70.0 (59.7-76.2) 0.783"

-Maximum 85.0 (78.0-97.0) 83.5 (78.0-94.5) 85.0 (80.0-98.0) 0.678" 83.0(78.0-95.0) 87.0(79.2-101.0) 0.409

DBP Median (IQR)

-Maximum 72.0 (65.0-79.0) 74.0 (65.2-80.7) 70.0 (63.0-83.0) 0.828 73.0 (65.5-79.0) 70.0 (58.0-84.2) 0.735"

HR Median (IQR)

-Admission 91.5 (71.5-110.0) 92.0 (66.0-117.0) 91.0 (76.0-110.0) 0.967° 88.5 (66.2-109.7) 93.0(82.0-113.2) 0.597°

-Minimum 72.0 (65.0-91.0) 78.0 (69.7-93.5) 70.0 (65.0-75.0) 0.109° 73.0 (67.0-93.0) 68.0 (64.5-79.0) 0.262"

-Maximum 115.0 (99.0-143.0) 115.5 (99.5-141.0) 115.0 (97.0-149.0) 0,984 115.0 (99.0-139.0) 116.0 (100.7-149.7) 0.627°

RR Median (IQR)

-Admission 18.0 (15.0-20.0) 18.0 (17.0-20.0) 16.0 (15.0-20.0) 0.284° 22.0(20.5-29.0) 22.0(16.0-27.7) 0.608"

-Minimum 16.0 (14.0-20.0) 18.0 (14.2-20.0) 16.0 (14.0-20.0) 0.705° 16.0 (14.5-20.0) 15.0 (14.0-20.5) 0.701°

-Maximum 22.0(20.0-28.0) 23.5(21.2-29.5) 20.0 (18.0-28.0) 0211® 0319°

Lactate (mmol/L) median

(IQR) 1.49 (0.74-3.45) 0.78 (0.61-1.41) 3.07 (1.20-3.68) 0.035" 0.75 (0.61-1.44) 3.31(1.54-4.44) 0.005"

PCO2 (mmHg)

Median (IQR)

-Minimum 29.7 (26.8-31.7) 29.2 (28.0-32.2) 29.0 (26.0-31.1) 0.280° 29.5(27.0-31.4) 30.3(24.4-33.1) 0.946"

-Maximum 39.4 (34.7-45.3) 42.1 (36.4-50.8) 37.5(33.0-43.4) 0.114° 42.0 (36.6-46.8) 36.0 (32.6-43.2) 0.108"

Pa0; Minimum (mmHg)

median (IQR) 119.4 (100.2-139.7) 119.5 (105.6-137.7) 116.1 (91.1-160.2) 0.506° 114.9 (103.1-141.5) 124.4 (90.2-168.6) 0.635"

Bicarbonate (mmol/L)

Median (IQR)

-Minimum 19.5 (17.8-20.5) 19.8 (19.1-22.6) 18.1(17.4-20.1) 0.029° 19.6(18.1-21.1) 19.2 (16.4-20.2) 0.189"

-Maximum 22.7(20.0-23.5) 23.1(22.6-23.8) 20.3(19.5-22.3) 0.010 23.0(20.7-23.8) 20.0 (19.4-22.6) 0.042°

pH Median (IQR)

-Minimum 7.34 (7.30-7.40) 7.36 (7.30-7.42) 7.34 (7.30-7.37) 0.441° 7.35(7.30-7.40) 7.34(7.28-7.38) 0.634°

-Maximum 7.44 (7.41-7.49) 7.45 (7.41-7.49) 7.43 (7.41-7.47) 0.380° 7.44 (7.41-7.49) 7.42 (7.40-7.47) 0.159°

Na (mmol/L) (IQR)

-Minimum 139.0 (138.0-140.5) 138.0 (134.5-140.5) 139.5 (139.0-141.5) 0.126° 139.0 (136.5-141.0) 139.0 (138.5-141.0) 0.582°

-Maximum 141.0 (139.0-144.0) 141.0 (139.0-143.7) 142.0 (139.0-148.0) 0.349 141.0 (139.0-144.0) 142.0 (139.0-147.2) 0.496°

K (mmol/L) Median (IQR)

-Minimum 33(3.1-3.7) 3.5(3.3-3.7) 32(2.7-37) 0.303" 3.4(33-3.7) 3.2(2.7-3.6) 0.197°

-Maximum 4.0(3.8-42) 4.0 (3.8-4.4) 4.1(3.7-42) 0.921° 4.0(3.7-42) 42(3.9-42) 0.444°

BUN (mmol/L)

Median (IQR) 14.0 (10.7-17.2) 14.9 (11.7-16.8) 11.6 (10.2-17.7) 0.593° 14.4 (11.2-17.0) 12.8 (10.6-17.9) 0.751°




Supplemental table 2 (continued).

Patient characteristics and Total GOSE-E Peds 3 months GOSE-E Peds 12 months

physiologic data (n=31) Favorable outcome Unfavorable p- Favorable outcome Unfavorable p- value
(n=16) outcome (n=15) value (n=21) outcome (n=10)

Creatinine (mg/dL)

Median (IQR) 0.50 (0.40-0.67) 0.57 (0.42-0.74) 0.50 (0.35-0.67) 0.451° 0.60 (0.44-0.74) 0.49 (0.33-0.55) 0.144°

Glucose (mg/dL) Median

(IQR)

-Minimum 106.0 (93.5-115.0) 99.5 (84.2-115.0) 109.0 (101.5-119.0) 0.188 100.0 (88.0-113.0) 109.5 (104.5-128.2) 0.129°

-Maximum 137.0 (113.0-181.0) 144.5 (120-0-190.0) 124.0 (98.0-148.0) 0.172° 144.0 (121.0-189.0) 116.5 (85.7-145.0) 0.047°

Ca™(mmol/L) Median (IQR)

-Minimum 2.1(1.9-2.2) 1.12 (1.10-1.16) 1.14 (1.05-1.18) 0.981° 1.13 (1.10-1.18) 1.12 (1.05-1.18) 0.536

-Maximum 1.1(1.1-1.2) 1.19 (1.15-1.23) 1.22 (1.17-1.25) 0,478 1.19 (1.16-1.25) 1.21 (1.18-1.25) 0.510°

Total bilirubin (mg/dL)

Median (IQR) 0.5 (0.3-0.6) 0.5 (0.3-0.6) 0.4 (0.3-0.6) 0.389° 0.5 (0.3-0.6) 0.4 (0.2-0.7) 0.263"

Hemoglobin (mg/dL) Median

(IQR)

-Minimum 11,5 (10.3-12.7) 9.7 (8.3-10.8) 9.6 (8.4-11.2) 0.961° 10.2 (8.5-10.8) 9.0 (8.2-11.1) 0.734b

-Maximum 9.6 (8.4-10.8) 11.7 (11.0-13.0) 11.2(9.5-12.3) 0.220° 11.7(10.7-12.9) 10.9 (9.4-12.4) 0.300°

WBC count (cellsx10°/L)

Median (IQR)

-Minimum 12.4 (8.0-15.9) 11.4(7.7-15.1) 13.7(10.2-19.3) 0.283° 12.4(7.9-14.2) 14.7 (8.5-21.4) 0.497°

-Maximum 18.0 (11.0-22.8) 18.2 (16.2-22.8) 17.1(7.6-22.8) 0.205" 18.1 (16.9-22.9) 10.0 (5.4-22.6) 0.063°

Platelet count (cellsx10°/L)

Median (IQR)

-Minimum 204.0 (154.0-225.0) 196.5 (163.0-208.2) 204.0 (146.0-310.0) 0.770° 204.0 (158.0-208.5) 235.0 (149.5-313.0) 0571°

-Maximum 244.0 (187.0-268.0) 250.0 (181.7-266.7) 226.0 (197.0-319.0) 0.984° 250.0 (184.5) 220.5 (189.0-320.5) 0.833°

Body temperature (°C). n

(%) 0.121°% 0.035"

<35°C 8 (25.8%) 2(25.0%) 6 (75.0%) 3(37.5%) 5(62.5%)

35-38% 15 (48.4%) 8 (53.3%) 7 (46.7%) 11(73.3%) 4(26.7%)

>38°C 8 (25.8%) 6 (75.0%) 2(25.0%) 7 (87.5%) 1(12.5%)

C Protein (mg/dL)

Median (IQR) 14.0 (2.0-40.6) 13.5 (1.6-74.1) 14.8 (2.4-40.6) 0.937° 14.0 (1.4-53.1) 10.0 (3.0-30.1) 0.767°

Glicemia (mg/dL)

n (%) 0.685% 0.222°

>60 < 180 23 (74.2%) 11 (47.8%) 12 (52.2%) 14 (60.9%) 9(39.1%)

> 180 mg/dL 8 (25.8%) 5(62.5%) 3(37.5%) 7 (87.5%) 1(12.5%)

Higher PTT (seconds)

Median (IQR) 303 (25.7-32.5) 285 (23.8-32.7) 31.1 (26.0-33.0) 0.547° 29.8 (24.3-32.6) 31.4(26.0-33.5) 0.684"

Higher PT (seconds)

Median (IQR) 14.6 (13.2-15.5) 14.5(13.2-15.3) 14.7813.3-16.1) 0917° 14.7 (13.3-16.2) 14.2 (12.9-14.8) 0.319"

Craniotomy

“Yes 6 (19.4%) 1(16.7%) 5(83.3%) 0.083% 3(50.0%) 3(50.0%) 03582

-No 25 (80.6%) 15 (60.0%) 10 (40.0%) 18 (72.9%) 7 (28.0%)

Anti-edematous medication.

n (%) 1.00* 0.461°

-Yes 18 (60.0%) 10 (55.6%) 8 (44.4%) 13 (72.2%) 5(27.8%)

-No 12 (40.0%) 6 (50.0%) 6 (50.0%) 7(58.3%) 5 (41.7%)

EVD. n (%) 0.101°* 0.237%

“Yes 3(9.7%) 0 (0.0%) 3(100.0%) 1(33.3%) 2 (66.7%)

-No 28 (90.3%) 16 (51.6%) 12 (42.9%) 20 (71.4%) 8 (28.6%)

Catecholamine. n (%)

-Yes 14 (45.2%) 7(50.0%) 7 (50.0%) 1.00* 10 (71.4%) 4 (28.6%) 1.00*

-No 17 (54.8%) 9 (52.9%) 8 (47.1%) 11 (64.7%) 6 (35.3%)

#Chi-square test, > Mann-Whitney Test.

EVD — external ventricular deviation; HI — Hypoxic-ischemic; PaO2- oxygen arterial pressure; PTT — Partial Thromboplastin Time; PT- Prothrombin Time.




Supplemental table 3. CT Scoring Systems and Their Association with Outcomes at 3 and 12 Months (GOSE-E
Peds) in Pediatric Traumatic Brain Injury Patients.

This table outlines the CT scoring systems used to assess traumatic brain injury (TBI) and their correlation with patient
outcomes at 3 and 12 months, as measured by the Glasgow Outcome Scale-Extended Pediatric (GOSE-E Peds).

GOSE-E Peds 3 months GOSE-E Peds 12 months

Prognostic and CT Total Favorable Unfavorable p- Favorable Unfavorable P-
scoring systems (n=22) outcome (n=15) outcome (n=7) value* outcome (n=19) outcome (n=3) value®
Rotterdan basal cisterns n 0.630 1.00
%)

-Normal 15 (68.1%) 11 (73.3%) 4(26.7%) 13 (86.7%) 2 (13.3%)

-Compressed 7 (31.8%) 4 (57.1%) 3 (42.9%) 6 (85.7%) 1(14.3%)
Rotterdan midline shift n 1.00 1.00
%)

-<5mm 20 (90.9%) 14 (70.0%) 6 (30.0%) 17 (85.0%) 3 (15.0%)

->5mm 2(9.1%) 1(50.0%) 1(50.0%) 2 (100.0%) 0 (0.0%)
Rotterdan IVH SAH n (%) 0.648 1.00

-Present 9 (40.9%) 7 (77.8%) 2(22.2%) 8 (88.9%) 1(11.1%)

-Absent 13 (59.1%) 8 (61.5%) 5(38.5%) 11 (84.6%) 2 (15.4%)
Rotterdan sum score + 1 0.416 0.581
(Median, IQR) 3.0 3.0 (1.0-3.0) 3.0 (2.0-3.0) 3.0(1.0-3.0) 2.0(2.0-2.0)

(1.7-3.0)

Rotterdan epidural mass 0.350 1.00
lesion n (%)

-Present 7 (31.8%) 6 (85.7%) 1 (14.3%) 6 (85.7%) 1 (14.3%)

-Absent 15 (68.2%) 9 (60.0%) 6 (40.0%) 13 (86.7%) 2 (13.3%)
Marshall CT score n (%) 0.703 0334

-Difuse injury [ 2(9.1%) 1(50.0%) 1 (50.0%) 2 (100.0%) 0 (0.0%)

-Difuse injury IT 18 (81.8%) 13 (72.2%) 5(27.8%) 16 (88.9%) 2 (11.1%)

-Difuse injury IIIr 2(9.1%) 1(50.0%) 1(50.0%) 1(50.0%) 1(50.0%)
Helsinki CT score Total 1.00 0.155
(Median, IQR) 2.0 2.0(2.0-2.0) 2.0 (2.0-2.0) 2.0 (2.0-2.0) 2.0(2.0-2.0)

(2.0-2.0)

Helsinki IVH n (%) 0.227 0.371

-Present 3 (13.6%) 1(33.3%) 2 (66.7%) 2 (66.7%) 1(33.3%)

-Absent 19 (86.4%) 14 (73.7%) 5(26.3%) 17 (89.5%) 2(10.5%)
Helsinki suprasellar 0.303 0.478
cisterns n (%)

-Normal 13 (59.1%) 10 (76.9%) 3(23.1%) 12 (92.3%) 1(7.7%)

-Compressed 8 (36.4%) 4(50.0%) 4(50.0%) 6 (75.0%) 2(25.0%)

-Obliterated 1 (4.5%) 1(100.0%) 0(0.0%) 1 (100.0%) 0 (0.0%)

2 Chi-Square Test.

IVH — Intraventricular hemorrhage; SAH - Subarachnoid hemorrhage. IQR — inter quartile range.



ANNEX

PEDIATRIC GLASGOW OUTCOME SCALE-EXTENDED (GOSE E-Peds)

Appendix A. Glasgow Outcome Scale-Extended Pediatric Version (GOS-E Peds) (Sue R. Beers, PhD, Anna Skold,
MS, Thomas Hahner, & P. David Adelson, MD Children’s Hospital of Pittsburgh)

Information obtained (select one): (] In person
[ ] By phone
] From records

NOTE: Only problems that have developed or become markedly worse since the head injury should be considered
when completing the GOS-E Peds. That is, the child’s premorbid status must be weighed when answering all questions.

1. CONSCIOUSNESS
1a) Is the head-injured person able to obey simple commands or say any words?

Or for younger patients...

Can he or she act/react/interact beyond reflexes? [] No [] Yes (Skipto2.)
Vegetative State (VS)

Skip to end of form and record
GOS- E Peds Score=7

An individual who shows the ability to obey even simple commands or utter any word or communicate specifically in
any other way is no longer considered to be in avegetative state. Eye movements are not reliable evidence of meaningful
responsiveness, corroborate with nursing staff and the child’s parents when possible. Confirmation of VS requires full
assessment as in the Royal College of Physician Guidelines. However, for infants, actively following the movement of
a parent or people/object with eyes, grasping for objects, making faces, etc. are interactions; breast feeding and crying
continuously can be reflexes.

2. INDEPENDENCE IN THE HOME

2a) Is the assistance of another person at home essential every day for some activities of daily living?

Or for younger patients...
Is the child dependent upon a care taker more so than is expected based on age?

[] Yes(Goto2b.) [] No (Skip to 3.)

For an older child, complete independence and a ‘no’ answer should mean that the person can get washed, put clean
clothes without prompting, prepare food for themselves, deal with callers, and handle minor domestic crises. The
person should be able to carry out activities without needing prompting or reminding, and should be capable of being
left alone for an age appropriated period. Young children should be able to accomplish age appropriated
developmental milestones without assistance (see Vineland Daily Living Skills). If a child compensates for physical
disability to the point where developmental milestones are only mildly compromised, question parents to determine the
level of independence (i.e., A child with a hemiparesis who is still able to complete tasks that other children of that age
can be rated as independent).

2b) Does the child need frequent help or for someone to be around at home most of the time?

Or for younger patients...



Does the child need frequent help from a caretaker to accomplish tasks that a child this age should be able
to accomplish (If child sometimes functions at an age appropriated level, then answer ‘no.”)

[ Yes

|

1 No

'

Lower Severe Disability
Skip to end of form and record
GOS-E Peds Score=6

Upper Severe Disability
Skip to end of form and record
Peds Score=5.

. INDEPENDENCE OUTSIDE THE HOME

(%)

3a) Is the child able to shop and travel without assistance?

Or for younger patients...

Does the child behave age appropriately outside the home?

[] Yes (Skipto 4.) [] No

Upper Severe Disability
Skip to end of form and record
GOS- E Peds Score=5.

This item considers activities such as shopping and traveling, always in the context of age appropriated behaviors.
This includes being able to plan what to buy, take care of money, and behave appropriately in public. The individual
need not normally shop, but must be able to do so. A younger child must behave age appropriately in public. An older
child may drive or use public transit to get around. Ability to use a taxi is sufficient, provided the person can phone for
it themselves and give instruction the driver. Older children who sometimes were allowed to travel independently before
the injury should be able to walk to a neighbor’s house, take a school bus, ride a bike, or take public transportation.

4. SCHOOL/WORK
4a) Can the child function at work or in school at his or her previous capacity?
[] Yes(Skipto5.) [] No (Go to 4b.)

If an adolescent was working before the injury, then his or her current capacity for work should be at the same level.
If the individual was seeking work before, then the injury should not have adversely affected chances of obtaining work
or the level of work for which he or she is eligible. If the patient was in preschool or a student before the injury, then
capacity for school work and school activities should not be adversely affected.

4b) Level of restriction:

i) Able to work only in a sheltered workshop or non-competitive job, in a school setting for severely impaired
children or tutored at home, or currently unable to work or go to school.

[] Yes [] No(Go to 4bii.)

Lower Moderate Disability
Skip to end of form and record
GOS-E Peds Score=4.




ii) Reduced work or school capacity.

[] Yes

!

Upper Moderate Disability
Skip to end of form and record GOS-
E Peds Score=3.

5. SOCIAL & LEISURE ACTIVITIES
Sa) Is the child able to resume regular social and leisure activities?
[ Yes (Skip to 6.) L] No (Go to 5b.)

The individual may not have resumed all previous leisure activities, but should not be prevented from doing so by
physical or mental impairment. If he or she has stopped the majority of activities because of loss of interest or
motivation, then this is considered a disability. For younger children, social and leisure activities can include games
and toys played with caretakers, siblings or other children as well as the ability to interact in a playful manner with
others.

5b) What is the extent of restrictions on social and leisure activities?
i) Unable to participate: Rarely, if ever, take part.

[] Yes (] No (Go to 5bii.)

v

Lower Moderate Disability
Skip to end of form and
record GOS-E Peds Score=4.

i) Participate much less: Less than half as often.

[] Yes [] No (go to 5biiii.)

Upper Moderate Disability
Skip to end of form and record GOS-E
Peds Score=3.

iii) Participate a bit less: At least half as often as before injury.

Yes [ No (Skipto 6.) Y
]

'

Lower Good Recovery
Skip to end of form and
record GOS-E Peds Score=2.

6. FAMILY & FRIENDSHIPS

6a) Are there psychological problems that have resulted in ongoing disruption with respect to either family or
friendships?

(%)



[] Yes (Go to 6b.) [] No (Skip to 7.)

Typical post-traumatic personality changes: quick temper, irritability, anxiety, aggressive acts, insensitivity to others,
mood swings, depression, and unreasonable or childish behavior that is not age appropriate.

6b) What is the extent of disruption or strain?

Lower Moderate Disability
[] Constant — daily and intolerable. ——p | Skip to end of form and record GOS-E Peds
Score=4.

Upper Moderate Disability
[] Frequent — once a week or more, but tolerable. —— | Skip to end of form and record GOS-E Peds
Score =3.

Lower Good Recovery

[] Occasional — less than weekly —  » | Skiptoend of form and record GOS-E Peds
' Score =2.

7. RETURN TO NORMAL LIFE

7a) Are there any other problems relating to the injury that affect daily life?

[] Yes ] No
Lower Good Recovery Upper Good Recovery
Skip to end of form and Skip to end of form and
record GOS-E Peds Score record GOS-E Peds Score =1.

Typical problems reported afier head injury: headaches, dizziness, tiredness, sensitivity to noise or light, slowness,
memory failures, concentration problems, or other problems.

RECORD GOS-E PEDS Score
SCORE:

Scoring caveat: Remember to consider premorbid status when assigning category scores to an outcome of
injury; problems in functioning should have deteriorated from premorbid level.

8 — Death

7 - Vegetative State (VS)

6 - Lower Severe Disability (Lower SD)

5 - Upper Severe Disability (Upper SD)

4 - Lower Moderate Disability (Lower MD)
3 - Upper Moderate Disability (Upper MD)
2 - Lower Good Recovery (Lower GR)

1 - Upper Good Recovery (Upper GR)

GOS-E Peds Score:

(Adapted from Wilson, Pettigrew, and Teasdale, 1998)
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4. Discussion and Future Perspectives

4.1 Main findings
4.1.1 Paper I

In our first study we conducted a literature review to investigate the hypothesis that
altered ANS regulation, specifically a decrease in HRV, is associated with worse
outcomes and could serve as a prognostic factor in children with TBI.

We performed a search across three databases (Pubmed, Web of Science and Scopus)
covering the period from 1996 to 2017, focusing on studies that evaluated HRV in
children with TBI. Seven relevant studies were identified and analyzed.

Although this review was narrative in nature and did not adhere to PRISMA guidelines,
a rigorous and structured methodology was employed to identify, select, evaluate, and
synthesize the available evidence on this specific topic. The main finding of this study is
that HRV can be useful when determining the severity of neurological damage and as a
prognostic factor for recovery in pediatric TBI.

The results indicated that the severity of neurological damage correlates with poorer
prognosis and lower HRV.

Patients who progressed to brain death exhibited a markedly lower LF/HF ratio, with a
significant decline observed within the first few hours of hospitalization. Conversely,
patients with more favorable prognoses had significantly higher LF/HF ratios. Despite
the limited number of studies on this topic, the reviewed evidence consistently
demonstrated that HRV was significantly reduced in children who progressed to BD

following TBI.
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4.1.2 Paper 11

We conducted a systematic review to assess the hemodynamic consequences of Bl in the
pediatric population through an electronic literature search in Pubmed, Scopus and Web
of Science, up to October 3, 2022. This is the first systematic review focusing specifically
on the systemic hemodynamic consequences of Bl in children. Our aim was to compile
and report clinical evidence regarding abnormalities in systemic hemodynamics,
electrocardiographic changes, arrhythmias, and elevation of cardiovascular damage
markers resulting from BI, in the pediatric population, to set a path to determine

management goals and achieve better outcomes.

Thirteen articles were included in the review, addressing the effects of BI in BP, rhythm
disturbances and biomarkers of myocardial injury. The key findings of this study are as

follows:

1 Systolic Blood Pressure: An SBP measure below the 5th percentile for age
and sex, particularly within the first 6 h post-TBI, is associated with worse
discharge outcomes.

2 Hypertension: while hypertension may have a protective role at a later stage
after BI, it may be associated with higher mortality during the initial hours
post-injury.

QTc Prolongation: BI may result in prolonged QTc intervals, which are linked

(%)

to cardiac arrhythmias.
4 Neurogenic Stunned Cardiomyopathy: NSC is commonly observed after BI

and perceived as a rise in serum troponin levels.
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Tachycardia: Age-adjusted tachycardia at admission may be the most
common presentation of NSC. Age-adjusted admission tachycardia was
identified as a risk factor for myocardial injury after TBI (AUC 0.82, p <
0.001), being observed in 72.7% of children with isolated TBI and elevated
cardiac troponin I levels, which suggests it might be the most common
presentation of myocardial injury. The high incidence of myocardial injury in
patients with isolated TBI, and its association with tachycardia, suggests a
neurogenic origin due to high levels of circulating catecholamines, which
mainly occurs in the first 6 days after hospital admission.

Hypotension and Mortality: Ten studies assessed the effect of BI in arterial
BP. Hypotension is a marker of worse prognosis and higher mortality, as it
reflects decreased cerebral blood flow and brain ischemia 3%8-3%, In adults it
might be easier to set a target, as mortality increases as SBP decreases below
120 mmHg 3. In children, all efforts should focus on raising and maintaining
SBP above the 5th percentile for age and sex, especially within the critical
first 6 hours post-injury, as this period represents a time-sensitive therapeutic

window 391393

. Erickson also emphasizes the importance of monitoring MAP
in children after severe TBI, since it's an essential factor in predicting cerebral
perfusion pressure (CPP), alongside ICP. In settings where [CP monitoring is
unavailable, maintaining MAP above the 10th percentile for age and sex is
associated with better outcomes.

Hypertension and Mortality: Hypertension could also be a predictor of higher
morbidity and mortality. In adults, Zafar et al. 3*°described the relationship

between BP and mortality, following moderate to severe TBI, as bimodal,

with mortality increasing both when SBP was below 120 mmHg and when



above 140 mmHg. One possible interpretation is that hypertension generates
excessive flow through the breakdown of the blood-brain barrier, causing
hemorrhage, hyper-perfusion injury, infarction and vasogenic edema, due to a
failure of the vascular autoregulation in the injured brain. Hypertension as a
prognostic marker remains understudied in pediatrics, with mixed results
reported. While most studies did not report worse prognosis when SBP was
higher at admission 38394395 Johnson described a U-shaped curve between
mortality and admission SBP 3%, Kanter identified hypertension as a common
and fatal finding predicting permanent neurological damage and death 3%7,
and, finally, Freeman reported a higher need for neurosurgical intervention as
SBP rose and a trend towards increased mortality with rising SBP 3%,

8 Neurogenic Cardiac Injury Score (NCIS): Hasanin et al. ** introduced the
NCIS, which evaluates hemodynamic status by incorporating cardiac
dysfunction, cardiac injury, and hypotension. Both myocardial dysfunction
and a higher NCIS (>1) were associated with increased mortality and thus

NCIS may represent a valuable tool in pediatric populations.

4.1.3 Paper 111

The aim of this study was to investigate the potential impact of minor surgeries, along
with the associated stress, pain, and medication, on HRV in healthy children by assessing
HRYV both before and after surgery. Since children can breathe at higher rates than 24/min
we also calculated HFn+ corresponding to frequencies higher than 0.15 Hz and include
all high rates of breathing.

This observational prospective cohort study included a convenience cohort population of
47 children who were scheduled for elective minor surgery at the Pediatric Surgery

Department of a tertiary hospital. The surgeries included phimosis correction (76.7% of
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cases) and inguinal, umbilical, or abdominal wall hernia repairs. The study considered
several dimensions, including the drugs used, pain levels, airway management, and
surgical stress.

Our findings showed significant differences in HRV time domain indices before and after
surgery in younger patients and in frequency domain in the older ones. They also
demonstrated decreased HRV indices until one hour (60 minutes) after being submitted
to surgery in both time domain and LF parameters, reflecting a parasympathetic
withdrawal and sympathetic predominance. It is important to notice that, when
measurements were taken after more than 60 min after surgery, no differences were found
in HRV parameters. This may reflect a gradual reduction in the impact of surgery,
including the associated stress and potentially the drugs used during the procedure, on the
ANS over time, leading to the reestablishment of autonomic homeostasis. Even though
our patients were only submitted to short duration anesthetic drugs, our study helps to
support the time of 60 minutes as the minimum required period of standing in a post
anesthesia care unit despite age or type of minor surgery.

Concerning the post-operative period, it is known, in adults, the correlation between ANS
dysfunction and life-threatening complications after surgery %492, The effect of
anesthetics per se also affects ANS function. The ANS dysfunction represents a serious
source of anesthetic risk affecting the outcome of patients undergoing surgery 3%7.
However, no significant complications after surgery were found in our sample so any
relation between ANS dysfunction and perioperative complications could be established.
The main limitation is the measurement position. Although not very different concerning
the degrees of inclination (45° before surgery and 30° after surgery) subjects were in a
chair and sitting position before surgery and in a bed and supine position after surgery.

Moreover, the small sample size compared with the diversity of the variables studied and
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the fact that the observed variables were not normally distributed is a strong impeditive
to achieve more conclusions about some of the variables analyzed, particularly regarding

multivariate analysis.

4.1.4 Paper 1V

We analyzed cardiovascular responses such as HR, BP and various measures of HRV in
children with severe ABI who survived at least 12 hours after admission to the PICU.
These parameters were compared with other prognostic indicators to determine their

utility in predicting mortality and survival.

The key findings are as follows:

1. Cardiovascular Parameters and Mortality:

o Tachycardia, SBP and MBP < 5th percentiles, and MBP and DBP >
99th percentiles were significantly associated with mortality.

o Early systolic hypertension (SBP > 99th percentile) was associated
with better outcomes, in contrast to findings from some prior studies.

o No association between mortality and the presence of bradycardia
was found, unlike other studies !86:403.404,

2. HRV Measures:

o HRV time and frequency domains were significantly lower in
children who progressed to BD. However, these measures were more
effective in predicting survival than mortality.

o The Poincaré SD1/SD2 ratio was significantly associated with
mortality after adjusting for age, sex, and ongoing medications.
Higher values were observed in the BD group, with a cutoff point of

0.27 further enhancing its predictive capacity for mortality.

146



3. Predictive Cutoffs:

o Exploratory analysis revealed that HRV cutoffs (e.g., SDNN > 14.65
and LF > 9.17) improved identification of survivors, though statistical
significance was limited by the small sample size.

4. Severity Scoring and Mortality Prediction:

o Combining an Poincaré SD1/SD2 cutoff > 0.27 with a PRISM III
score > 12 enhanced mortality prediction.

o The Helsinki CT score demonstrated better prognostic performance
compared to Marshall and Rotterdam CT scores for short-term

outcomes.

The general discussion of this study addresses key aspects of HRV as a prognostic
marker, its relationship with mortality, and associated clinical implications, while also

highlighting important pathophysiological insights and study limitations:

1. HRV and Mortality: Reduced HRV measures are consistently associated with
higher mortality rates. Conversely, increased HRV measures may serve as
protective markers for survival in severe ABI, traumatic (TBI), and non-
traumatic (NTBI). This study reinforces the potential of HRV as a vital
prognostic indicator.

2. Age and Sex Factors: No significant differences in HR or HRV parameters were
observed between sexes or across different age groups, suggesting that these
parameters are age-independent prognostic markers in pediatric ABI.

3. Pathophysiological Insights: Our findings align with Valimaki et al. 4, who
speculated that vagal modulation is disrupted in BD due to vagal nucleus

destruction or blockage of vagal pathways, while sympathetic reflexes persist.
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This may explain why the HF component was markedly reduced in the BD
group, despite an insignificant change in the LF/HF ratio.

4. Nonlinear HRV Measures: The Poincaré plot and related indices (e.g., SD1 and
SD2) offer valuable insights into autonomic balance. While traditional
frequency methods require signal stationarity and are prone to artifacts,
Poincaré plot provide robust data, even in nonstationary conditions. The
nonlinear measure SampEn did not differ significantly between groups
supporting the notion, found by other authors, that it may be a less sensitive
marker *°. Elevated Poincaré SD1/SD2 values in BD do not signify increased
variability but rather indicate total autonomic failure, with relatively greater
preservation of residual short-term fluctuations. Long-term variability, which
typically depends on ANS modulation, virtually disappears in patients with BD
due to the loss of balance between SNS and PSNS inputs.

5. Clinical Implications: BP monitoring remains critical. Hypotension (SBP/MBP
< 5th percentiles) and hypertension (MBP /DBP > 99™ percentile) within the
first 12 hours post-admission was linked to higher mortality. Similarly,
obliterated basal cisterns on CT imaging were strongly associated with poor
outcomes, including a reduction in HRV measures.

6. Limitations: The small sample size limited the statistical power for multivariate
analyses and definitive cutoff determination. Further studies are needed to

validate these findings and refine HRV-based predictive models.

4.1.5 Paper V

In this study we investigated medium-to-long-term neurological outcomes in children
with severe ABI, who survived to PICU discharge, aiming to identify cardiovascular

predictors linked to unfavorable outcomes, particularly BP and HRV measures.
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We selected 31 children, of which 24 (77.4%) were male, with a median age of 11.3 years
old (IQR 5.6-14.3). Twenty-two (71.0%) patients had TBI and five (16.1%) cerebral
hemorrhage. Sixteen children (51.6%) had a favorable neurological outcome at 3 months

and twenty-one (67.7%) at 12 months.

The primary outcome measure was global functional outcome as measured by the
Pediatrics Glasgow Outcome Scale Extended (GOSE-Peds) at 3 and 12 months after
injury 7. These data were taken by reviewing the medical records. The outcome was
dichotomized into favorable and unfavorable based on predefined cutoff. None to mild
disability (GOSE-E PEDS category < 2) was categorized as favorable outcome, whereas
moderate to severe disability was categorized as unfavorable (GOSE-E PEDS category >

3).

The major findings suggested Key Prognostic Indicators:

i.  Systolic BP: Hypertension (SBP > 95th percentile), within the first 12 hours after
PICU admission was significantly associated with better neurological outcomes
at 3 and 12 months. Patients with SBP > 95th percentile exhibited a significantly
better neurological outcome at 3 months (68.2% vs. 31.8%, p=0.006), and at 12
months (83.3% vs. 16.7%, p=0.002) than those with worse neurological outcome.

ii. ~ HRV Measures: HRV values were higher, both on admission and 12 hours after
admission in patients with a favorable prognosis at 3 and 12 months. Higher
values of HRV parameters (RMSSD, LF, TP, and Poincaré SD1 and SD2) at 12
hours post-admission was only significantly associated with favorable outcomes
at 3 months.

iii.  HRV Cutoffs and Outcomes: Although the sample size was too small to establish

valid cutoff values, we found that patients with LF >70.0 ms2 at 12 h after PICU
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admission had a significantly better outcome at 12 months [11 (91.7 %) vs 1 (8.3
%), p =0.046] than patients with a lower value. In a logistic regression model
including LF power at 12 h (LF T12), gender, and age. Children with LF T12 >70
ms2 had 11.4 times higher odds of achieving a good recovery after 12 months
compared to those with lower values (OR =11.4; 95 % CI: 1.15-112.88; p
=0.037). Gender and age were not statistically significant predictors. The model
correctly classified 74.2 % of cases overall, with high sensitivity (85.7 %) for
identifying good outcomes but lower specificity (50.0 %) for predicting poor

outcomes.

The presence of tachycardia or bradycardia was not related to the prognosis.

The major limitation of our study is that neurological outcomes were assessed solely
through medical records. Behavioral, functional, and quality-of-life outcomes, including
school performance, were not evaluated. The absence of interviews or direct inquiries

with patients, families, or caregivers may limit the precision of disability assessments.

Elevated BP and HRV may reflect autonomic activation, particularly a sympathetic
response, which seems protective in the context of severe ABI. Our data suggest that early
ANS activation, reflected by hypertension and higher HRV measures, like LF, in the early
hours following PICU admission, appears to be an indicator of better neurological
outcomes and thus and may serve as valuable, non-invasive predictors of neurological
recovery in children with severe ABI. These findings highlight the importance of

monitoring cardiovascular parameters during the critical early hours of PICU admission.
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4.1.6 Other contributing papers

Exploring QT Variability Dependence from Heart Rate in Coma and Brain Death
on Pediatric Patients

In this study we aimed to explore the potential of QT vs. RR uncoupling as a clinical tool
for differentiating disease progression in children with ABI and as an early prognostic
indicator of BD.

We selected a cohort of 12 children aged 11-14 years with ABI, of which 41.6 % with
BD outcome. A parametric approach was applied to assess the short-term linear
dependency of QT variability on HRV from Holter recordings. HRV, QT variability, and
the QT variability fraction driven by HRV were quantified and compared across different

outcomes and timepoints.

We showed that changes in QT variability -HRV relationships correlated with the severity
of ABI. Therefore, uncoupling of QT vs RR has clinical potential in differentiating the
progression of the disease within children with ABI, and can contribute for a better
individual adjustment in treatment type and timing, and as early prognostic predictor of
BD. Our findings support the clinical utility of QT variability measures in improving

treatment decisions and timing.

Long-term HRYV in critically ill pediatric patients: coma versus brain death

In this exploratory study, our objective was to characterize HRV in pediatric patients with
ABI using advanced statistical models to try to identify parameters predictive of BD.
We analyzed HRV series from 15 patients with ABI admitted in a PICU, of which five
has BD confirmed, one patient died during the recording and nine patients survived. We
applied the AutoRegressive Fractionally Integrated Moving Average models with

Generalized AutoRegressive Conditional Heteroscedastic errors (AFIRMA -GARCH).
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The long memory is estimated by the parameter d of the ARFIMA-GARCH model, that
indicates stability in mean HRV; whilst the time-varying conditional variance parameters
u and v characterize the short-range and persistence in the conditional variance.
Previous studies indicate that for normal subjects these parameters show circadian
variation. In our study, survivors showed circadian variations in HRV parameters (d, u,
and v). Non-survivors exhibited reduced stability (0.5 <d < I), indicating less stability in
mean HRV, and lower persistence in volatility, with 90% of beats modeled as non-
persistent (v = 0).

Findings: The parameter d has lowest values, 0 < d < 0.5, during the night period with
mean (std) 0.35 (0.05) and the parameters u, v present, for the same period, values of 0.17
(0.06) and 0.64 (0.05), respectively, indicating persistence in the conditional volatility.
For non survivors the values of 0.5 < d < 1 indicate less stability in mean HRV.
Additionally lower persistence in volatility was noticed, with 90% of beats modeled with
non-persistent (v = 0) volatility.

The long memory and time-varying conditional variance parameters estimated by
ARFIMA-GARCH modeling significantly differ between groups. Our results indicated
that persistence in volatility may be used to discriminate between survivors and non-
survivors and holds promise as an early BD indicator, a finding that merits to be further

explored.

Reliability loss with sampling rate reduction

We aimed to evaluate the reliability of beat-to-beat RR, RT, QT, and QTc interval
measures, using low sampling frequency, typically available at bedside ECG monitoring
systems. The reliability of beat-to-beat measures using low sampling frequency was

quantified with respect to the original high sampling rate.
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Methodology: We analyzed ECG records in intensive care patients. ECG recordings,
originally at 1000 Hz, were down sampled to 500 Hz and 250 Hz. Automatic delineation
was applied to extract beat-to-beat intervals. The reliability was assessed using
concordance correlation coefficient (CCC), intraclass correlation coefficient (ICC), and
the Information—based measure of disagreement (IBMD).

Results indicated that even at the lowest sampling rate 250 Hz, all time interval series are
still reliable, with small measurement errors in comparison to the true differences between
subjects. Therefore, these results suggest the feasibility of using low-frequency ECG data
for clinical analysis, despite the limitations in high-frequency data availability. Indeed,

high sampling frequency is not usually available in hospital monitoring systems.

Autonomic nervous system in newborns: a review based on heart rate variability

The aims of this review were to assess the evidence on the impact of gestational age (GA)
on ANS maturation and autonomic control in preterm (PT) and term (TN) newborns,
using HRV parameters.

Electronic databases (PubMed, World of Science, and Scopus) were searched for studies
examining HRV (time and frequency domains) in PT and TN, from 1997 to 2017, who
followed the 1996 Task Force guidelines. Ten studies met our inclusion criteria and were
analyzed.

Key Findings: The available evidence indicated that advanced GA correlated with
increased HRV, reflecting a marked progressive parasympathetic activity maturation
relative to sympathetic activity in newborns.

Frequency-domains were more commonly used on the studies included on this review.
HF power was the most used and showed significant relevance in measuring vagal
maturation. The maturation of ANS requires at least 37 weeks of intrauterine

development to reach a threshold value #%%*°. The maturation of ANS in PTN is



accompanied by an increase of HRV indices #!%4!!1, Parasympathetic development plays
a critical role and thus it is important to consider the increasing importance of the
development of the parasympathetic branch of ANS in PTN *#!2, This can be applied to
newborns, especially preterm neonates (PTN), whose ANS is not yet fully developed
97413 In conclusion, HRV is an important tool to evaluate ANS development, particularly
in preterm infants. However, standard recommendations for newborn HRV assessment

are yet to be fully defined.

4.2 General Discussion and Implications for Clinical Practice

Despite all technological and scientific advancements, predicting the prognosis of
children with severe ABI remains challenging, particularly regarding mortality and
medium- to long-term morbidity. Established prognostic factors, such as intracranial
pressure, cerebral perfusion pressure, severity scores, and pupillary response, are widely
used 363364414 However, cardiovascular response—particularly HRV, alongside BP, HR,
and cardiac biomarkers measured early during admission to intensive care— have
emerged as promising tools for early prognostication, shortly after admission, and for

guiding appropriate interventions !60-379-383.384,

Cardiovascular responses may be affected by several factors that are present in intensive

care environments, such as stress, pain, anesthetic medication, analgesia, and sedation

129,169,186,208,372,390,415-417

We conducted two complementary review articles on this topic: one focused exclusively
on HRV, while the other examined the other forms of cardiovascular response. Our
findings underscore the potential of cardiovascular responses as prognostic indicators.
However, despite years of research, these metrics have yet to be integrated into clinical

practice for managing children with severe brain injuries.
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Why, after all these years of research [PubMed currently lists >17 000 publications 244],

has HRV not yet used in the daily clinical management of these children? Several of the

following reasons may explain this +!3.

Complexity of HRV Signal Analysis

The signal used for HRV analysis is complex and influenced by numerous confounding
factors, making interpretation challenging *>*1%. Additionally, accurate analysis of N-N
intervals is crucial, but difficult to achieve in real-time clinical settings. Retrospective

analyses, though clinically significant, are temporally impractical for immediate use.

Preprocessing HRV data for analyses is time consuming and labor-intensive, requiring
typically, high-frequency ECG data collection (e.g., 250-1000 Hz); R-peak
identification in the ECG signal for RR interval calculation; noise and ectopic beat
removal through interpolation or filtering; and ensuring stationarity for accurate

frequency-domain analysis '6:42:83420,

Moreover, HR correction is essential since HRV parameters are influenced by average
HR 2#247 Common correction methods include scaling correction (adjusting time-
domain parameters for mean RR intervals), normalization (normalizing frequency-
domain parameters to account for HR) and regression models (adjusting HRV
parameters based on HR); or the use of HR-independent indices (computing ratios like

LF/HF or Poincaré SD1/SD2) #*!,

In our studies we used higher sampling rates, such as 1000 Hz, to provide superior signal
quality, but to try to overcome some challenges we demonstrated that reliable analyses

422,423

can also be achieved at lower rates, such as 250 Hz . This suggests that robust, non-

invasive technologies can be developed for real-time HRV monitoring in intensive care
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settings, enabling integration into daily clinical practice without significant added

complexity.

Continuous non-invasive monitoring technologies for parasympathetic tone, such as the
Newborn Infant Parasympathetic Evaluation Index (N.I.P.E) — the neonatal version of
the Autonomic Nervous Index (ANI) used in adults — illustrate the potential of such
advancements 4?4425 These systems have been successfully employed to evaluate and
monitor the parasympathetic function of the ANS, assess pain during surgery and painful
procedures, and predict intra- and postoperative pain *>>. ANI monitoring under general
anesthesia has proven valuable in reducing intraoperative opioid use and improving pain

management throughout the perioperative period *?4.

Developing a user-friendly, non-invasive devices that automatically provide real-time
HRYV values corrected for HR would not only improve workflow efficiency but also
represent a significant step toward large-scale validation and broader clinical adoption,

especially in pediatric intensive care settings.

Variability of HRV Measures and Lack of Standardization

The existence of multiple HRV measures obtained through different methods (as time
domain, frequency domain, geometric, and non-linear) contributes to the variability in

the results and is one of the current limitations for clinical use 7-33

. Focusing on one or
two more representative measures could improve outcomes, enhance understanding of
cutoff values across different ages, and facilitate the development of a user-friendly, real-
time technological model. Streamlining clinical reasoning to concentrate on one or two

key HRV parameters could enhance decision-making and reduce the dispersion caused

by evaluating numerous existing measures.
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Ratios such as Poincaré SD1/SD2 or LF/HF could be potential candidates. These
parameters are relatively robust to HR changes but may still benefit from HR correction
to ensure their reliability 62244247, The LF/HF ratio, as traditionally calculated, does not
account for HR variations. HR correction methods can make the ratio more representative
of autonomic function by minimizing the confounding effect of HR 2. Also, Poincaré
SD1/SD2 ratio is relatively robust to HR changes, as it represents the proportional
relationship between short-term and long-term variability 61-66:68.82426 However, extreme

HR can still indirectly affect the ratio, so HR correction might be considered.

Correcting for HR ensures that HRV analysis reflects autonomic function rather than
skewness by the average HR. This is particularly important in pediatrics, to overcome the
added complexity due to wide HR ranges in children, that makes challenging to establish

age-specific cutoff values or predictive thresholds for mortality or morbidity

101,103,107,263,427,428

Task Force Guidelines and Pediatric Studies

The Task Force guidelines were published in 1996 and are outdated !7. Many articles have
been published since then, and no updates have been made *!8. Sassi et al. 3 investigated
and summarized the value of HRV methods that were not included in the original
standards 7, which have yielded medically relevant results in recent literature. However,
their findings were limited in scope and extent. Moreover, guidelines lack pediatric-
specific adaptations. Standard values may not apply to children and different authors used

different frequency bands '442°,

Most available research predominantly involves adults, and only a small number of

children, limiting pediatric-specific conclusions on the importance of HRV and its role in
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the prognosis of children with ABI 333, Studies in children in intensive care with severe
ABI often involve small sample sizes due to age restrictions and the rarity and severity
of the condition '*131:430.431 Multicenter research collaborations could increase sample
sizes and strengthen findings. Developing pediatric-specific HRV guidelines and

standards would facilitate broader clinical applicability.

Bridging Gaps in Existing Knowledge

Cardiovascular responses in intensive care environments may be influenced by factors
such as stress, pain, anesthetic medication, analgesia, and sedation, prompting us to first
investigate HRV changes in healthy children undergoing surgery '2%-16%.186.208.372.390.415-417
Our findings showed that, regardless of age, the presence of pain, medication, or type of
surgery, no significant differences were observed in HRV measures 60 minutes after
surgery, showing that ANS homeostasis is rapidly re-established when these factors are
removed. This study helped to better understand the effect of these factors on the ANS
response in healthy children and support the usual 60-minute stay in the post-anesthesia

recovery room. However, prolonged persistence of stress may hinder recovery, despite

the potential for ANS normalization.

In our study of children with severe ABI from diverse etiologies, the Poincaré SD1/SD2
ratio demonstrated a strong correlation with mortality, independent of sex, age, and
ongoing medication. We identified a cutoff value that requires validation in larger studies
due to the small sample size but highlights the importance of focusing on fewer prognostic
measures of mortality. Among nonlinear methods, the Poincaré SD1/SD2 ratio emerged

as a more robust measure, less sensitive to biases in our sample, and was the only metric
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associated with mortality, unlike the widely discussed LF/HF ratio. This finding may be
coincidental but, if validated in larger samples, it could represent a valuable parameter
for further exploration as both a complementary indicator in BD diagnosis and a short-

term mortality predictor.

HRV measures also proved valuable in predicting medium-term outcomes among
survivors 13432434 Rather than serving as a marker of poor prognosis, higher HRV within
the first few hours of admission were indicative of favorable outcomes, even in the
presence of other severity indicators. Measures such as LF, SDNN and RMSSD emerged
as strong predictive tools for both PICU survival and short-to-medium-term morbidity
434 As expected, the identified cutoff values differ survival prediction and neurological
outcome evaluation. These merely indicative values provide a good starting point for

validation in studies with larger sample sizes.

Studies Limitations

Several limitations affected our findings. Firstly, data was collected from a small,
convenience and heterogeneous, single-center sample of children with ABI, over an
extended period. Also, we do not have exact data on the time elapsed between the injury
and the ECG recording analyzed, although we are the only unit in the northern region of
the country to receive children with severe ABI, that are always transferred directly to us.
Moreover, factors like tracheal aspiration, transport, or sedation bolus that may aftect
HRV analysis were not considered '61:203:435436 " A]] these factors make it challenging to

draw robust conclusions.

Secondly, technical issues should be taken in consideration. In our exploratory study,

analysis was based on 10-minute ECG segments analysis. Our decision could impact the

159



outcomes, as short segments may be potentially impacted by physiological factors or even
by signal loss or failure to detect R waves %7, The presence of artifact in some ECG
waveform may alter HRV values. The manual selection of epochs can also be a source of
bias. Also, frequency bands for adults were used due to the lack of pediatric-specific

references 3°.

We did not address other interesting areas of research. Longer HRV time series, which
contain enough information to address slower fluctuations and different physiological
mechanisms of regulation, were not explored in our work and should be explored in future
research ¥4, High parasympathetic activity leads to immune suppression and sepsis,
further contributing to higher mortality rates '47-10. Thus, it would have been interesting
to assess whether HRV is related to the development of infections complications, such as

sepsis or pneumonia, during the hospitalization !,

Neurological outcomes were assessed solely through medical records, without interviews
or inquiries with the patient, families, or caregivers. This approach may limit the precision
of our perception regarding the extent of disabilities. We only addressed neurologic
outcome in the survivors, and it could be interesting to evaluate behavioral and functional
outcome and quality of life and school performance. Future studies should address these

limitations to improve the robustness of findings.

4.3 Future Perspectives

Although HRV has shown promise in predicting mortality and morbidity, its potential as
a prognostic tool in critical care, particularly among pediatric populations, requires
further investigation. The possibility of elevated HRV serving as a protective factor
remains an open area of study. Future research should focus on solidifying HRV’s role

not only as a prognostic marker but also as a potential therapeutic target. Defining and
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validating specific cut-off values for key HRV parameters, in conjunction with HR and
BP, could enhance the predictive accuracy for mortality and survival outcomes.
Establishing these thresholds would represent a significant advancement in clinical
prognostication. Additionally, creating a real-time data collection method would increase
the prognostic accuracy of HRV assessments and improve its clinical relevance, as a
continuous monitoring approach while providing a better understanding of a patient’s
condition. This real-time analysis could prove invaluable in complex diagnostic
scenarios, such as determining BD, where autonomic responses may offer critical
diagnostic insights. This technology could support clinicians to make rapid, informed
decisions and adjust treatment protocols dynamically, ultimately optimizing survival
outcomes. Furthermore, comparative studies examining the predictive value of HRV
against well-established ECG parameters for adults, such as depressed ST segments,
abnormal T waves and prolonged corrected QT interval (QTc interval), would provide
valuable insights into the relative strengths of these markers in mortality prediction of
critical care patients, particularly in pediatric settings where established predictive models

are less established.

We did not assess cardiac dysfunction through echocardiography or serum troponins
measurements. Future investigations should address this gap by computing the
neurogenic cardiac injury score (NCIS) and evaluating its potential to predict mortality,
in cases where both myocardial dysfunction and an elevated NCIS score are present.

Replicating and extending the findings of Hasanin et al. 3%

could provide further evidence
of the clinical relevance of the NCIS in pediatric populations.
Additionally, examining the potential relationship between QTc and HRV in predicting

outcomes in children with severe ABI could provide new insights into the mechanisms

underlying cardiac and autonomic dysregulation in this cohort. Evaluating and validating
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the NCIS through echocardiographic assessments and cardiac enzyme measurements
upon admission, could help to correlate these factors with prognosis and guide clinical

decision making.

By advancing our understanding of these parameters and their interplay, future research
has the potential to significantly improve prognostication and therapeutic strategies in

critically ill pediatric patients.

Artificial Inteligence (Al) has the potential to play a transformative role in the real-time
analysis of HRV and prognosis in critical care settings. By providing dynamic,
individualized prognostic insights and helping to optimize treatment decisions, Al could
improve patient outcomes, reduce mortality, and streamline clinical workflows. However,
to realize this potential, it will be crucial to overcome technical, ethical, and regulatory
challenges and ensure that Al systems are interpretable, rigorously validated and
integrated into clinical practice in a way that complements and enhances human decision-
making. As research and technology continue to evolve, the combination of Al and HRV
monitoring may offer unprecedented opportunities for improving prognostication and

personalized care in pediatric intensive care units and beyond.
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S. Concluding remarks

Our study highlights the importance of early management of HR and BP in children with
severe ABI to improve in-hospital outcomes. Specifically, we recommend that HR be
controlled to avoid tachycardia and BP be maintained within the 5th to 99th percentiles
during the first hours following PICU admission. These measures may play a critical role
in reducing in-hospital mortality and enhancing patient prognosis.

The Poincaré SD1/SD2 ratio has emerged as a robust predictor of mortality in our cohort,
showing significant potential both for predicting PICU mortality and for diagnosing brain
death in children with traumatic and non-traumatic ABI. Notably, this measure operates
independently of key demographic factors such as sex and age, and of pharmacological
interventions, underscoring its utility as a generalizable biomarker.

Furthermore, HRV metrics have proven to be reliable indicators of patients ‘survival
rather than mortality, allowing to identify patients with more favorable prognoses. Key
HRYV parameters, including the LF, SDNN, and RMSSD have demonstrated significant
prognostic value. These measures, with distinct cutoff values, appear to be strong
predictors not only of mortality but also of short-to-medium-term morbidity in survivors,
supporting their potential use as prognostic tools in the clinical management of pediatric
ABI.

In conclusion, our findings suggest that HRV, particularly through the Poincaré SD1/SD2
measure, alongside controlled HR and BP management, may significantly enhance the
early prognosis and clinical decision-making in children with severe ABI. Future studies
should further investigate these relationships, aiming to refine HRV-based prognostic

models and establish actionable clinical thresholds for improved patient outcomes.
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