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Infants born preterm are at higher risk of neurological complications, including intraventricular haemorrhage and white matter
injury. After discharge, these infants may experience adverse neurodevelopmental outcomes and exhibit lower educational
attainment. Early detection of brain injury and accurate prediction of neurodevelopmental impairment would allow early
intervention and support. Heart rate variability (HRV) describes the variation of time intervals between each subsequent heartbeat.
HRV is controlled by the autonomic nervous system, which may be affected by hypoxia and compromised blood flow. While HRV
has primarily been investigated in neonatal sepsis, the association between HRV, brain injury and neurodevelopmental outcomes in
preterm infants is less established. The present scoping review examines the utility of HRV monitoring for predicting short-term and
long-term neurological outcomes in preterm infants. Following systematic search of Medline, Embase, Web of Science and the
Cochrane Library, 15 studies were included. Nine studies examined the relationship between HRV and brain injury, with all but two
showed an association. Eight studies examined the relationship between HRV and long-term outcomes and all eight found an
association. This scoping review suggests that decreased HRV in the neonatal period is associated with short- and long-term

neurodevelopmental outcomes in preterm infants.

Pediatric Research (2025) 97:1823-1832; https://doi.org/10.1038/541390-024-03606-5

IMPACT:

® Changes in heart rate variability correlate with the occurrence of intraventricular haemorrhage in preterm infants.
® A decrease in heart rate variability may precede the development of intraventricular haemorrhage.

® Alterations in heart rate variability correlate with long-term neurodevelopmental outcomes.

® Significant variability exists in metrics used in assessing heart rate variability.

INTRODUCTION

Preterm birth is associated with various adverse outcomes, which
tend to be less severe with increasing gestational age.' The most
acute complications of preterm birth include respiratory distress
syndrome, apnoea of prematurity, metabolic immaturity, difficulty
feeding and a predisposition to various infections.” Preterm
infants are also at risk of neurological complications including
germinal matrix haemorrhage, intraventricular haemorrhage (IVH)
and white matter injury (WMI).?

IVH occurs in about 25% of preterm infants with very low
birthweight.® Blood accumulation from IVH may damage adjacent
structures. When significant and associated with post-haemorrhagic
ventricular dilatation, it can lead to further damage through mass
effect and increased intracranial pressure, impairing brain perfu-
sion.* Higher grades IVH are associated with increased rates of
cerebral palsy (CP), neurosensory impairment, impaired cognitive
ability, blindness and hearing loss.?

WMI in preterm infants is subdivided into focal cystic necrosis,
focal microscopic necrosis and diffuse non-necrotic lesions. While

the first is strongly associated with the development of CP, the
latter two are associated with impaired academic performance
and lower 1Q.3

Extremely preterm infants, with and without brain injury, also
have increased rates of disabilities including CP, deafness,
cognitive impairment and blindness. Moreover, they show higher
rates of behavioural difficulties and executive dysfunction or
attention deficit hyperactivity disorder.”™® Early detection of brain
injury or the potential for adverse neurodevelopment is essential
for effective management. The diagnosis and management of IVH
may prevent the progression of brain injury and improve
outcomes.’ Furthermore, early developmental interventions have
been shown to improve motor and cognitive development in
preterm infants.'® Reliable early markers of brain injury and
increased risk of neurodevelopmental impairment in the neonatal
period are needed to allow better risk classification and potential
early interventions.

Heart rate variability (HRV) describes the changes in heart rate
(HR) over time, reflecting the activity of the autonomic nervous

'School of Clinical Medicine, University of Cambridge, Cambridge, UK. 2Division of Newborn Medicine, Department of Pediatrics, Brigham and Women'’s Hospital, Harvard Medical
School, Boston, MA, USA. 3Division of Neonatology, Department of Pediatrics, Seoul National University Children’s Hospital, Seoul, Republic of Korea. “Athinoula A. Martinos
Center for Biomedical Imaging, Massachusetts General Hospital, Harvard Medical School, Boston, MA, USA. ®email: ms2647@cam.ac.uk

Received: 28 June 2024 Revised: 22 August 2024 Accepted: 9 September 2024

Published online: 5 October 2024

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03606-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03606-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03606-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-024-03606-5&domain=pdf
http://orcid.org/0009-0003-1251-0550
http://orcid.org/0009-0003-1251-0550
http://orcid.org/0009-0003-1251-0550
http://orcid.org/0009-0003-1251-0550
http://orcid.org/0009-0003-1251-0550
https://doi.org/10.1038/s41390-024-03606-5
mailto:ms2647@cam.ac.uk
www.nature.com/pr

M. Smolkova et al.

1824

system, combining the opposing influences of the sympathetic
and parasympathetic nervous systems.'"'? In adult patients,
decreased HRV has been associated with increased all-cause
mortality."”> HRV has been shown to decrease in pathological
states including severe infection and inflammation.'"'* In
neonatal populations, there is evidence that decreased HRV
correlates with late-onset sepsis,'> necrotising enterocolitis'® as
well as poor long-term outcomes in hypoxic ischaemic encephalo-
pathy.!”” HRV has also been used to assess autonomic nervous
system maturation.'®

A wide range of HRV metrics is currently in use. The standards of
measurement, use and interpretation have been described by The
Task Force of The European Society of Cardiology and The North
American Society of Pacing and Electrophysiology.'> HRV can be
characterised in the long-term (up to 24-h recordings), short-term
(around 5 min) or ultra-short-term (<5 min).">'® HRV metrics can be
categorised into time domain, frequency domain and non-linear
measurements. Time domain measurements quantify the variability
in the time interval between successive heartbeats using simple
equations. The main time domain metrics include the standard
deviation of the R-to-R interval (SDNN), the standard deviation of the
average R-to-R interval calculated over a given segment (SDANN) or
the square root of the mean squared differences of successive N-to-N
intervals (RMSSD)."? Frequency domain measurements focus on the
distribution of absolute or relative power into different frequency
bands. Those are the ultra low, very low, low and high-frequency
bands.'> A further commonly used metric is the total power
measurement describing the variance of the N-to-N intervals. Non-
linear metrics allow the quantification of unpredictability or self-
similarity of the trace?**' Non-linear metrics commonly used in the
literature include the al and 02 components obtained by the
detrended fluctuation analysis,*? SD1 and SD2 parameters obtained
by the Poincare analysis, skewness or kurtosis.>’ Common HRV
metrics of all three domains are summarised in Supplementary
Material Table 1. An additional metric, heart rate characteristics (HRC),
was developed specifically for the detection of neonatal sepsis.?® It
incorporates multiple other HRV metrics including standard deviation
of the inter-heartbeat (RR) intervals, sample asymmetry, sample
entropy, and skewness of HR towards frequent large decelerations
and few accelerations. These are used to calculate the HeRO score or
HRC index, a multivariate logistic regression expression representing
the fold increase in risk of sepsis-related clinical deterioration. Low
HRV, high sample asymmetry and low entropy result in a higher
HeRO score.

Acute and long-term neurological outcomes in preterm infants
can be predicted with variable success using different predictive
models.**>° At the moment, however, these models rely on MRI
findings or patient demographics and circumstances surrounding
birth.2%3" Information on HR and HRV, despite being easily
available, is not clinically used for outcome prediction. The present
scoping review examines the utility of HRV measurements in the
prediction and diagnosis of short-term and long-term neurological
outcomes in preterm neonates. The aim of this review is to
summarise the available evidence and identify areas in need of
further research.

METHODS
A systematic literature search was carried out to identify relevant
literature.

Eligibility

Studies were considered for inclusion only if they included
neonates born preterm, defined as <37 weeks of gestational age.
Studies that included both term and preterm neonates were only
eligible if analysis for both cohorts was separate. Studies focusing
on infants with significant congenital defects or chromosomal
abnormalities were excluded. Furthermore, studies were only
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included if a measure of HRV was recorded in the neonatal
intensive care unit and during the neonatal period, defined as the
first 4 weeks of life. Any measure of HRV allowed inclusion. The last
criterion for inclusion was the evaluation of a neurological
outcome. Any neurological outcome was considered for inclusion
and could be evaluated at any age. Any human observational
studies or clinical trials were considered for inclusion. Case reports
and case series were excluded.

Information sources

Medline, Embase, Web of Science and the Cochrane Library were
searched on the 3rd of October 2023. No limits were imposed on the
date of publication. The search strategy was developed together with
the librarian team at the University of Cambridge School of Clinical
Medicine and included variations on the term ‘preterm infant’ and
‘heart rate variability’. Neurological outcomes were not explicitly
specified in the search strategy. A search strategy used for Embase
can be found in the Supplementary Material. Reports were only
eligible for inclusion if they were published in the English language to
allow for accurate data extraction. Both peer-reviewed articles and
conference abstracts were considered for inclusion to minimise the
effect of publication bias. All publications citing an included report,
and any publications cited by an included report have also been
considered for inclusion.

Data handling

Duplicates were removed manually using Zotero,>* a reference
manager, and Rayyan,* a software designed to simplify screening
for systematic reviews. Initial screening was carried out indepen-
dently by MS., S.S. and S.HK. using Rayyan to identify papers
suitable for full-text screen. Full-text screen to select papers for
inclusion was carried out by S.S. and M.S., with S.H.K. resolving any
disagreements. For each study excluded during a full-text screen,
a reason is given in the PRISMA 2020 flow chart (Fig. 1).>* Data
extraction was carried out independently by M.S. and S.S. using a
previously piloted data extraction form. All conflicts were settled
through discussion or review by S.HK. or J.S.

Litmaps>® software was used to identify further eligible reports
amongst the citation network of included reports. Data extraction
from these additional papers was carried out independently by
SHK and MS.

The following items were extracted from each paper:

Report characteristics:

2

e Title, author, journal, year of publication, publication type, country of
origin, conflict of interest, and sources of funding.

Methods:

® Specific aims of the study, setting, study design.

® Age at HRV collection, infant state during HRV collection, duration of
HRV collection, HRV metric used.

®  Exclusion and inclusion criteria, number of participants, male to female
ratio, gestational age at birth, birth weight, interventions/treatment
offered to infants, prevalence of other neonatal conditions.

® Age at outcome assessment, specified neurological outcome, defini-
tion of neurological outcome, method of outcome assessment,
masking.

® Method of analysis.

Findings:

® Specific findings, missing information, conclusion.

A risk of bias assessment was carried out using the QUADAS-2
tool for the assessment of diagnostic accuracy.>

HRV metrics were further classified based on Chiera et al.?' as
time domain, frequency domain, or non-linear with HRC also
being a separate category. Due to the heterogeneity of the data,
results were summarised in narrative form.

Pediatric Research (2025) 97:1823 -1832



M. Smolkova et al.

PRISMA 2020 flow diagram for new systematic reviews which included searches of databases, registers and other sources
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}
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5
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A

(n=15)
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*Unsuitable publication type included conference abstracts and review articles.

Fig. 1

PRISMA 2020 flow diagram for systematic reviews describing the information sources and screening process of the present

scoping review. * Unsuitable publication type included conference abstracts and review articles.

RESULTS

After screening 2461 original records, 59 reports were selected to
be screened by full text. Thirteen reports were included following
the initial search (Fig. 1). Two further reports were identified using
Litmaps,® an online tool used to visualise citation links amongst
existing literature.

Characteristics, including subject sample size, HRV metrics used,
and neurological outcomes, of the included studies are summarised
in Table 1. Details of data recording and infant state during
recording are shown in Table 2. Eight of the studies were conducted
in the United States, and one in each of Finland, Ireland, Australia,
Israel, Germany, Japan and the Netherlands. Most studies were
prospective cohort or case-control studies. Six studies were
retrospective and there were no randomised clinical trials.

Four studies measured HRC, seven studies focussed on time
domain metrics, four studies on frequency domain metrics, and
three on non-linear metrics of HRV. Three studies independently
used multiple domains of HRV.

A risk of bias assessment for each study can be found in
Supplementary Table 2.

IVH development may be preceded by a decrease in HRV

Nine studies investigated the relationship between HRV and
brain injury, most commonly IVH or WMI3"™*> Of these nine
studies, all but three studies found an association. This is
summarised in Table 3. Six studies revealed a significant decrease
in HRV in the context of IVH while two studies found a significant
decrease in HRV in infants with WMI. Tuzcu et al.** reported a
significant increase in the short-range scaling exponent, a non-
linear metric, towards one in infants with IVH. Gronlund et al.>’
found no association of HRV with IVH or WMI, and van
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Ravenswaaij-Arts et al.** showed the decrease in HRV in infants
with IVH was not statistically significant. Furthermore, three out
of the four studies that investigated the temporal relationship
between HRV change and brain injury onset found that HRV
change preceded visible changes on cranial ultrasound. Prietsch
et al.®® suggested HRV changes might not precede the
development of IVH, but this was based on anecdotal evidence
from one patient.

Decreased HRV correlates with impaired long-term
neurodevelopmental outcomes

Eight studies related the long-term neurodevelopmental outcome
of infants with recorded HRV.>3*°7>° All eight papers found an
association between abnormal HRV measurement and the
development of neurological impairment later in life. This is
summarised in Table 4. Associations were found between various
domains of neurological function and various metrics of HRV. In
general, HRV was lower or failed to increase in infants who went
on to develop neurological impairment.

Other outcomes investigated

Hadas et al. investigated the relationship between HRV and motor
outcomes at 35 weeks and 4 months corrected age.>’ Using time
domain and frequency domain metrics, they found that decreased
HRV correlated with suboptimal motor outcomes at both ages.

DISCUSSION

The present evidence suggests an association between HRV and
short-term and long-term neurological outcomes in preterm
infants.

SPRINGER NATURE

1825



M. Smolkova et al.

1826

syuow ¢ °g
‘SyoPM G¢ |

3| JO oM 3s|
3y} JO pPuUd dY3 |IIUN
Aj1lep s5uo uayy pue
Yyog ‘vz ‘cl ‘omL
uoissiwpe buung '€
ueak | 'z

geak | °|

91| Jo ¥-1 sheq

abe

JO sypuow g|-7| '€
‘abe

Pa3123.410d> W3] ‘¢
‘abaeydsip I91e
90UO pue 3y1| Jo sAkep
0L 354y Ul SdIM] “L

(s1eah |'g ueaw) abe
Jooyds pue sieak ¢

sieak ¢
syuow (£ = u)
8L 1o (8S=u) Tl

JulWISSasse
awod3no je aby

Wi} WNIpay 'z
w9} WnIpa ‘L

wid) Moys
Wil Moys '€
‘wus) buo 'z
‘w9l buo *|

wial Moys ‘7
‘wisy 1oYysS ‘|

w9} buo ¢
‘wJa} Moys
WIS} HOoYS °|

w1 buoT

wia1 buoT
w91 buo ‘'z
‘w9l buo *|
f10633e>

|awod3no
|es16ojoanaN

sjuejul pjo-yiuow
-G—¢ 104 21025 Ayjewnndo J0Jo0 T
‘JUSISSDSSE JUSWISAOW [RISUSD) |

HAI

INd/HAI €
dD Jo sisoubelq ‘¢

‘21035 |ad Pue |dw II-dIsg "L

e|DR|_WOYND| JB|NDIUSALDY ‘T
‘b—€ 10 T-1 sopeib HAI L

91025 sa|eds Asjheg ‘¢

‘sbuipuy peay |4 ‘T

‘sbuipuy punosen|n jeiuel) ‘|
9|eds Adualadwod

|BIDOS |o0YdS3Id BIUIOJIED

pue xapuj| ssang bunuaied
‘uaJp|iyD 10} AI11eg JUSWISSISSY
uewyney| 1sipPaYD Jnolreyag
PlIYD uo s2103s Aq paulwi1ap
si91dweled |einoineysg

9|eds Adusledwo)

|eIDOS |ooYdSaId eIUIOjI|eD

pue xapu| ssa41s bunuaied
‘uaJp|IyD Joj A1911eg JUSWSSISSY
uewney| 1sipPsyd Jnoineysg
PlIYD uo sa103s Aq paulwL1ap
si919weled [einolneysg

1I-aIsg ¢
‘Asjed [eaqaiad |

awomno |esib6ojoinaN

urewop
Aousnbauy
pue awi|

Jeaulj-uoN

ulewop awi|

urewop awij

sofsualdeIeyd
9)el Jesy

ujewop
Aouanbaig

urewop
Aouanbai4
sonspadeIeyd
9)eJ JesH

Kio633ed
JuBW AHH

dl

4H

11

‘asswy
‘NNas

‘NN

|easmqul asjnd

3y} Jo syusuodxa
Buijess wial-buo|

pue wis)-1oys
|eAs1ul
as|nd uespy

xapul NNAs
Xspul NNVas
WSWY

pue gsSWY
JO uoneLeA
JO S1USLYYS0D
WSWHd
‘asswy

8¢OdHe

uoneiniep
VSY VSd

uopeiniey
VSYH VSd

DYH>

Ju3PdW AYH

o

LT

6l

(44

>¥8¢€

0c

(A4

4S9

Apnis 1oyod
9Ad3dsold

Apn3s |013u0d

-35ed 9A1329dsoud

Apn3s 10yod
9A13Dadsonay

Apn3s |o13u0d

-35ed aA13dadsoud

Apnis 110yod
EYNIBETe eJIEN]

Apnis 110yod
aAd3dsold

Apn3s 10yod
aAdadsold

Apms 110yod
9A130adsonay

ubisag

|oels|

ejjensny

vsn

puejuly

vsn

vsn

vsn

vsn

Anuno)

\cIe 13 sepey

o 1° ¥°
euepUBURANYH

wm._m 1o euueH

,c|e 19 punjuoin

o183 Pliydatey

ey lR 32
1|9A3s00Yy
-paessnoq

egy 1@ 3
1|9AS500Y
-plessnoq@

oy'1€ 39 UOSIPPY

Apms

'S9IpPNIS papn|pul Jo sdnsuedeIeyd  °L djqel

Pediatric Research (2025) 97:1823 -1832

SPRINGER NATURE



M. Smolkova et al.

1827

"dn-mo||0} wiR)-HuO| 104 d|qejiene d1om sjuejul £ AUO,

‘elep QISg PeY 0/ pue [YW Uleiq pey siuejul 0S 'siuejul JO JSQuINU [e10) 8yl Sem 8¢,
‘dn-mojjo4 je Asjed [eiqa13> 10y uoneuIWEXS [ed160j0INaU 0biapunN ou pIp JuBul BUQ,

'sjuejUl JO 1JOYOD dwes oyl buiqudsap a1am salpnis ylog,
‘uonip3 pAiyl uawdoaAasq J3|ppol pue ueju| Joj sajeds As|Aeg Ji-gisg ‘Asjed |eigaiad 4D ‘Xapul [eauswdojanap JojowoydAsd gd ‘xapul [eausawdoansp

|lelusw /gy ‘Obeyliowary JRINDLIUSARIIUL HA/ ‘UOIIPT PUOI3S JusWdo[aAS(Q JS|PPOL PUR Jueju| 10} S3jeds ASjAeg J-gisg ‘AMjigerten a1es 1esy AyH ‘1odas ul paydads jou y ‘sAep @ ‘sinoy H ‘ssanuiwl Uiy
'SUOIHUYSP J1ISW AYH 404 | 3|qel Aieuswa|ddns o) Jagal ases|d

si9)oweled
Aupqgeriea
WLI9)-1I0Ys INoy
pue Ayjigeea
wu1-6uo)| unoy

Apn3s |013u0d

Iu._m 1o Sy

SPRINGER NATURE

VN wJa} 1oys HAI ulewop awij |eAlIul-YY 0S -9sed aAdadsoud -fleemsuaney uen
siskjeue
uofenyny Apnis |o13u0d
9| JO jo9Mm 15114 wid) Moys HAI Jeaulj-uoN papuanag T -3sed dA13d3dsoud ey 18 39 NdZN|
sonsuadeIeYd p /-D4YHe Apnis 110yod
uolissiwpe buung wJa} 1oys y—¢ sopelb HAI 9lel JesH y ¥Z-D4He 999 9AIadsoa9y 2 [ 33 UeAng
H4AD
4H/41
abe pa3daI0d sieak dl
€ pue syjuow g ¢ 4H
Yz K19n9 31se9| ulewop 11
18 USY} pue yuiq wd) buoT ‘g Ke|ap |eauswdo|aAspoInaN 7 Aouanbauy NNAs Apn3s |013u0d
JO Y 7 UIYUM L ‘wJia} Moys | ‘HAI “L pue awi] NN oPE -95ed dA13d3dsoud Ly 32 ouolys
Ajiceuien
wis)-1Ioys
pue Aujigenea Apnis 110yod
VN wus) Moys HAI ujewop awi| w)-buo S0l aAndadsold oy 18 30 Y25191d
sisouNy|
Jeaujj-uou pue SSOUMS Apnis 110yod
abe Jo sieak ¢ w1 buo 1i-aisg ulewop awi| NNAas 134 9AIDadsoy oc18 3 phor
(§8> 9102s aARIUBOD
11I-A1Sg 40 “43ybiy 10 7 |9A3] WSISAS
uolIeDYISSE|D UoIIdUNy Jojow Ssoib
abe paydaliod ‘ssaujeap ‘ssaupul|q uo paseq) sonsuaeIRYD) Apnis 110yod
syuow zz-8l w1 buoT 1uswutedw! |ejusawdo|dAspoInaN 91ey 1JesH DYH> 865 9A11D3dsol1aYy vsSn & 12 32 Buiy
Kiobaje>
JUBWISSASSe awod3no K10633e>
awod3no je aby |es160j0in3aN awod3no |e3160]j0indN W AYH W AYH N ubisaq Anuno) Apnyg

panupuod> ‘L 3jqel

Pediatric Research (2025) 97:1823 -1832



M. Smolkova et al.

1828

Table 2. Description of data recording used by each study.

Study Length of continuous HRV

segment analysed

Infant state during recording

Device used for recording

Addison et al.*® >24h Long-term continuous recording ECG
Doussard-Roosevelt 10-15 min Sleep (not specified) ECG
et al.®®?
Doussard-Roosevelt 10-15 min Sleep (not specified) ECG
et al.*’?
Fairchild et al.*® >24h Long-term continuous recording HeRO monitor (using ECG)
Gronlund et al.>” 2 min Quiet sleep ECG
Hanna et al.?® 20 min During morning multisensory stimulation (done NA
for a separate study)
Huvanandana et al.>® Mean 156 min NA Umbilical or peripheral
arterial catheter
Hadas et al.>’ 24h Long-term continuous recording ECG
King et al.* NA NA HeRO monitor (using ECG)
Lloyd et al.>° 1h NA NA
Prietsch et al.*® >24h Long-term continuous recording Neonatal monitor
measuring HR
Shiono et al.*! NA NA ECG
Sullivan et al.*? >6h Long-term continuous recording HeRO monitor (using ECG)
Tuzcu et al.*® ~Th Supine quiet infants before surfactant ECG
administration/tracheal suctioning and then
afterwards
van Ravenswaaij-Arts 3 min Sleep (not specified) ECG

et al**

NA not specified in the report, ECG electrocardiogram, HR heart rate.
®Both studies were conducted in the same cohort of infants.

Utility of HRV monitoring in brain injury detection and
prediction

Seven out of nine studies suggest an association between
decreasing HRV and brain injury. The brain injury most commonly
studied was IVH with all nine studies including IVH as an outcome.
Three studies also considered the diagnosis of WMI.

In terms of metrics used, studies were able to detect an
association with HRC, time domain, non-linear and frequency
domain metrics. Interestingly, studies that failed to find an
association all relied on time domain metrics. Amongst the four
studies using time domain, only half detected an association. This
may suggest that time domain is less well suited for the detection
of brain injury. A similar phenomenon has been proposed by the
authors of the HeRO score, who found the frequency domain to
be less useful than other metrics in the prediction of neonatal
sepsis.”

Furthermore, there was great variation in the time intervals
used for HRV analysis. Studies that found no association between
HRV and brain injury, including Gronlund et al,*’ and van
Ravenswaaij-Arts et al,** all relied on shorter HRV segments than
every other study. The time intervals used in this case were 2 and
3 min, respectively. Time intervals used by studies that found a
significant difference in HRV ranged from over 15 min to over 24 h
(Table 2). The length of the recording was not specified by Shiono
et al*' This implies that short-term and long-term HRV may be
better predictors of brain injury than ultra-short-term HRV.

Moreover, HRV changes were more closely associated to higher
grade IVH. Shiono et al.*' and Fairchild et al.*® found HRV changes
in infants with high-grade IVH but not infants with grades 1-2.
Gronlund et al? and van Ravenswaaij-Arts et al.** both
investigated infants with IVH of all grades and failed to find a
significant difference in HRV. Other studies that specified IVH
grade seem to have focused on high-grade IVH (Table 3). This

SPRINGER NATURE

suggests that HRV monitoring may not be sensitive enough to
detect low-grade IVH.

Four studies specifically investigated the temporal relationship
between the onset of brain injury. All four of those studies were
able to detect a change in HRV prior to the detection of brain
injury on cranial ultrasound. This suggests that HRV monitoring
may be useful in very early prediction and might allow for
preventive measures that can reduce the risk of injury.>?

Fewer studies overall investigated the relationship between
HRV and WMI. Fairchild et al.** reported an increase in HRC in
moderate-to severe WMI, Gronlund et al.3” found no association
and Hanna et al.®® reported an increase in HRV (as opposed to a
decrease seen in infants with IVH). Overall, there does not seem to
be a clearcut relationship between HRV and WMI in preterm
infants.

All in all, the data suggests that HRV has potential role in the
early prediction of IVH, especially higher grades, in preterm
infants.

Utility of HRV monitoring in the prediction of long-term
neurodevelopmental outcomes

Eight studies, utilising time domain, frequency domain, non-linear
and HRC metrics of long-term, short-term and ultra-short-term
variability, all found an association between decreased HRV and
adverse neurodevelopmental outcomes. Outcomes were most
commonly assessed using The Bayley Scales of Infant and Toddler
Development—third edition (BSID-III)>* or second edition (BSID-II)
scores. Some studies used the presence and absence of CP, visual
or hearing impairment, or questionnaires. Amongst the ques-
tionnaires used were the Child Behavioural Checklist,>* Kaufman
Assessment Battery for Children,>® Parenting Stress Index®® and
California Preschool Social Competency Scale.” In these studies, a
decrease in HRV has been correlated with poor psychomotor
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Table 3.

Study
Fairchild et al.*®

Neurological outcome

1. Cranial ultrasound
findings;
2. MRI Head findings

Gronlund et al.>” 1. IVH grades 1-2 (2
infants) or 3-4 (10
infants);

2. Periventricular
leukomalacia (8 infants)

Hanna et al.>® IVH/PVL
Huvanandana IVH

et al.*

Prietsch et al.*° IVH

Shiono et al.! IVH

Sullivan et al.*? IVH grades 3-4
Tuzcu et al* IVH

van Ravenswaaij- IVH

Arts et al.**

Findings relating to short-term neurological outcome.

Findings

1 aHRC28 in infants with 1 brain injury
severity even after adjusting for gestational
age, birth weight and late-onset sepsis when
compared to controls: 2.65 + 1.27 vs
1.72+0.95, p < 0.001 after multivariate
analysis

No association between IVH or periventricular
leukomalacia and HRV changes

/SDNN index in IVH group (8.4 +0.6 vs 10.3
+0.5)

1SDNN index in PVL group (11.7 £0.6 vs 10.3
+0.5)

p=0.004

HRV parameters did not correlate with IVH by
themselves but combination of long-term
fractal exponent of the pulse interval with
mean diastolic blood pressure was able to
predict IVH with a sensitivity of over 90% and
better than all other models, AUC (95%
Cl)=0.921 (0.82, 1.02), p = 0.035.

LLTV correlated with IVH development
5/7 of the patients in the IVH group
subsequently died

INN interval on days 1, 2 and 3, | SDNN and
CVRR on day 4, | TP and LF on days 3, 4 and 5
and | HF and LF/HF on days 4 and 5 in infants
with grade IV IVH (p < 0.05 for all observations
stated)

Grades |-l IVH infants did not significantly
differ from controls

Severe IVH was associated with taHRC-24 h
and 1 aHRC-7 d even after accounting for
gestational age (p <0.01)

1 short-range scaling exponent calculated for
8-15 beats in infants with IVH. Cut-off value
of 0.52 (corresponding to predicted
probability of 0.42) resulted in 70% sensitivity
and 79% specificity in detecting IVH

No other measured parameters were
significantly different

| short-term variability in infants with IVH
(ns)?

Please refer to Supplementary Table 1 for heart rate variability metric definitions.
NA not specified in report, ns not significant, /VH intraventricular haemorrhage, PVL periventricular leukomalacia, HRV heart rate variability.
2Short-term variability was defined using four different methods in this paper and the method(s) used to reach this specific conclusion was not specified.

Evidence of IVH prediction
NA

NA

NA

This model was able to predict IVH

Anecdotal evidence from one patient
shows normal LTV which then decreased
just prior to IVH diagnosis, implying HRV
changes do not precede IVH

NA

Report implies HRC changes predict IVH
occurrence

HRV alteration was apparent on day 1
when cranial ultrasound was normal

NA

development, mental development, social development and
increased rates of intellectual disability. There seems to be no
domain that is better correlated than other. This suggests that HRV
during the neonatal period may be an indicator of impending
global developmental delay.

Limitations of the literature

One of the main limitations of the present review derives from the
large diversity in the HRV metrics and the large diversity in the
reporting of neurodevelopmental outcomes. While many studies
use predefined scales, several studies used ambiguous neurolo-
gical outcomes as defined by the neurologist or neonatologist.
The length of recording and specific setting of HRV recording also
differs greatly between the studies with the shortest recordings
being just 2 min while the longest are over 168 h. Furthermore,
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the state of the infant at recording, which determines a large
proportion of HRV at any given moment, is often omitted in the
methods sections or only loosely defined as ‘sleep’ or ‘no
movement artefacts'.>® The effect of infant state is minimised by
using long-term variability measurements spanning across multi-
ple sleep-wake cycles. This was however not the norm amongst
the studies included. Moreover, the limited number and
categories of metrics used by each study prevented valid
comparisons between metrics.

Limitations of the present review

The present review was carried out and reported in line with the
PRISMA Extension for Scoping Reviews Guidelines.>* The entire body
of work was completed within 9 months of the literature search to
capture all the relevant literature. Moreover, the search strategy was

SPRINGER NATURE



M. Smolkova et al.

1830

1. 1 cHRC in infants with cerebral palsy

2. 1 cHRC in infants with MDI < 70 or
PDI< 70 (p<0.01)

RSA maturation was correlated with
mental processing (0.62, p < 0.01),
knowledge base (0.55, p < 0.05) and gross
motor skills (0.47, p < 0.05) in very low
birth weight infants but not extremely low
birth weight infants. Mental processing
(0.38, p < 0.05) and gross motor skills (0.37,
p < 0.05) were still correlated when the
two groups were combined. RSA
maturation and HR maturation together
were correlated with behavioural

Greater maturation of RSA in NICU was
associated with better social competence
at school age (0.54, p < 0.05). Together
with medical risk and socioeconomic
status, they accounted for 58% of
variability in social competence. No
significant correlation with behavioural
problems, Parenting Stress Index,
Kaufman Assessment Battery for Children
Achievement Scale or Mental Processing
Composite Scale.

1 aHRC28 in infants with any BSID-IIl score

Table 4. Findings relating to long-term neurological outcomes.
Study Neurological outcome Findings
Addison 1. Cerebral palsy
et al.*® 2. BSID-II (p<0.01)
Doussard- Behavioural parameters determined by
Roosevelt scores on Child Behaviour Checklist,
et al*82 Kaufman Assessment Battery for Children,

Parenting Stress Index and California

Preschool Social Competency Scale

regulation.

Doussard- Behavioural parameters determined by
Roosevelt scores on Child Behaviour Checklist,
et al*7? Kaufman Assessment Battery for Children,

Parenting Stress Index and California

Preschool Social Competency Scale
Fairchild BSID-II
et al.* <70

Hanna et al.*®

1. BSID-Il MDI and PDI score;
2. Diagnosis of cerebral palsy

King et al.*® Neurodevelopmental impairment (based
on blindness, deafness, gross motor
function classification system level 2 or
higher, or BSID-lIl cognitive score <85)

Lloyd et al.>° BSID-lIl score

Shiono et al.*'

Neurodevelopmental delay

1SDNN, 1 SDNN index and T RMSD
correlated with improved MDI score in
healthy infants but not brain injured ones
(p<0.04)

1 cmHRC in infants with moderate-to-
severe NDI when compared to those with
no or mild NDI

1 Daily HRC scores in infants who died or
developed than in patients without NDI
from the 1st postnatal day to day 120
when data collection ended

IHR skewness correlates with poor
neurodevelopmental outcomes
Multimodal information had a higher area
under the receiver operator characteristic
so it may be more useful to integrate HRV
with other information

IHRV (CVRR, SDNN, TP, LF, HF, LF/HF) was
related to an increased risk of adverse
neurodevelopmental outcomes at 18
months

Please refer to Supplementary Table 1 for heart rate variability metric definitions.
NA not specified in report, BSID-Il Bayley Scales for Infant and Toddler Development Second Edition, MDI mental developmental index, PDI psychomotor
developmental index, RSA respiratory sinus arrhythmia, HR heart rate, BSID-lll Bayley Scales for Infant and Toddler Development Third Edition, NDI

Parameters

Odds ratio of cerebral palsy per
one standard deviation increase
in cHRC: 2.6; odds ratio of
delayed early cognitive
development: 2.3

A one-point increase in aHRC28
corresponded to an odds ratio of
death beyond 28 days or BSID-llI
Score <70 of 2.45

Severe impairment had cmHRC
of 1.8+ 1.1, good outcome 1.3+
0.8, statistically significant

Univariate regression model with
sensitivity 70%, specificity 69%,
PPV 79%, NPV 58%

Does not clarify whether this is
statistically significant

neurodevelopmental impairment, HRV heart rate variability, PPV positive predicti
®Both studies were describing the same cohort of infants.

designed to capture a greater body of literature by not limiting it to
records mentioning neurological outcomes. This allowed us to assess
the outcomes of any screened study individually and likely resulted
in more eligible studies being identified.

Due to a large variability in reporting of neurological outcomes
and HRV metrics, we do not believe it is currently possible or

SPRINGER NATURE

ve value, NPV negative predictive value.

useful to conduct a systematic review or meta-analysis on the
topic. This also means we were unable to carry out any
quantitative analysis of the results.

Nonetheless, we believe our search strategy captured most of
the available papers as we were only able to identify two further
studies through secondary search methods.
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Further work

Current literature supports a strong association between changes
in HRV and IVH development. Importantly, HRV can be extracted
from ECG traces which are obtained routinely for preterm
neonates. No further intervention to the infant would therefore
be required to implement HRV screening on the NICU. Because of
this, further research has the potential to have a significant impact
on patient care. In order for HRV to be used clinically, the
relationship between IVH and HRV needs to be further evaluated
to determine which metrics have the most prognostic value. It
would also be useful to determine the length of trace required for
analysis. The next important step would be to determine whether
early detection or even prediction of IVH and intervention in
preterm infants with brain injury using HRV monitoring has the
potential to improve outcomes. Further studies focusing on the
detection of WMI in preterm infants using HRV would be
beneficial, as the relationship remains unclear.

In summary, while the present data suggest reduced HRV
correlates with brain injury and long-term neurodevelopmental
impairment, more research is required to confirm and further
quantify this relationship.
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