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Abstract
Background: Several studies have investigated heart rate variability (HRV) as a biomarker for acute brain injury in
hypoxic ischemic encephalopathy (HIE). However, the current evidence is heterogeneous and needs further reviewing
to direct future studies. We aimed to systematically review whether HIE severity is associated with HRV.
Methods: This systematic review was conducted according to the preferred reporting items for systematic review and
meta analyses (PRISMA). We included studies comparing neonates with severe or moderate HIE with neonates with
mild or no HIE with respect to different HRV measures within 7 days of birth. Article selection and quality assessment
was independently performed by two reviewers. Risk of bias and strength of evidence was evaluated by the
Newcastle-Ottawa scale (NOS) and the Grading of Recommendations Assessment, Development and Evaluation
(GRADE).
Results: We screened 1187 studies. From these, four observational studies with 248 neonates were included. For all
HRV measures, the strength of evidence was very low. Neonates with severe or moderate HIE showed a reduction in
most HRV measures compared to neonates with mild or no HIE with a greater reduction in those with severe HIE.
Conclusions: Moderate and severe HIE was associated with a reduction in most HRV measures. Accordingly, HRV is a
potential biomarker for HIE severity during the first week of life. However, the uncertainty calls for more studies.
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Introduction
The incidence of hypoxic ischemic encephalopathy (HIE)
is estimated to be 1.5 per 1000 live births [1]. In survivors,
HIE may result in brain damage with neurodevelopmental
delay, cerebral palsy, or epilepsy [2–7].
HIE is graded (i.e., mild, moderate or severe) by clinical examination (Sarnat staging or Thompson score) [8,
9]. The clinical HIE grade combined with other measures, e.g., electroencephalogram (EEG) and neuroimaging, are used for estimating the severity and the risk of
adverse neurodevelopmental outcome [10–13]. These
assessments are critical for clinical decision making and
for counselling parents. However, the prognostic value
of these measures may be modest and they may be difficult to access, implement, or interpret [14–16].
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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 preceding HIE [8, 17]. HRV has the potential to become an
objective, non-invasive, easily accessible, and continuous
point-of-care measure. Therefore, it may be a valuable
supplement to the current methods for initial HIE assessment, monitoring, selection of treatment, and prognosis.
However, the clinical use is currently limited by a lack of
standardized data in neonates and technical difficulties
when analyzing HRV from electrocardiogram (ECG) at
the bedside. Currently, the only clinical use of HRV is
heart rate characteristics (HRC) obtained from HeRO®
monitors, which analyze bedside ECG in order to predict
onset of sepsis in neonates with very low birth weight
[18]. Several studies have found a correlation between HIE
and various HRV measures, suggesting that HRV is a
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potential biomarker for the severity of neonatal HIE
[19–26]. However, the current evidence is heterogeneous
and needs further reviewing to direct future studies.
The aim of this study was to systematically review
whether the severity of HIE is associated with measures
of HRV during the first week of life. Together with the
recent review by Oliveira et al. [27], which focuses on
HRV and its ability to predict brain injury and neurodevelopment outcome at ≥1 year of age, we feel that a
number of aspects related to both the immediate association between HRV and HIE severity and the correlation
to later outcomes have been thoroughly reviewed for the
benefit of future studies.

Methods
This review was conducted according to the preferred
reporting items for systematic reviews and meta-analyses
(PRISMA) [28]. Methods, search strategy, and inclusion
criteria were pre-specified in a protocol registered with
the International Prospective Register of Systematic Reviews (PROSPERO) and published on 14 April 2018
(registration number: CRD42018090638) [29].
Study selection and eligibility criteria
Types of studies

Studies written in English and published in journals with
peer review were included. No date restriction was implemented. Randomized controlled trials and observational studies were eligible for inclusion but case reports
were excluded.
Types of participants

A study was eligible if the population contained neonates assessed for HIE within 24 h after birth.
Types of exposure and comparators

The exposure was defined as a clinical course, biochemical
measures, and a neurological examination in keeping with
HIE, followed by a classification of severe or moderate HIE
by EEG, amplitude EEG, Sarnat staging, or Thompson
Score. The comparators were defined as mild or no HIE.
Terminology

Neonatal encephalopathy may have specific etiologies
other than hypoxia-ischemia. HIE implies that hypoxiaischemia is known to have led to the clinical state [30].
However, we opted to continue to use the term HIE because the included studies used this terminology even
though it may be unclear whether hypoxia-ischemia
solely contributed to the encephalopathy.
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birth. The primary measure considered was the standard
deviation of normal-to-normal intervals (SDNN) as it is
more accessible and easier to interpret than most other
HRV measures [31]. NN-intervals are defined as the intervals between adjacent QRS-complexes resulting from sinus
node depolarizations [31]. Furthermore, we included other
time domain measures, frequency domain measures, and
non-linear measures. Other time domain measures included the standard deviation of RR-intervals (SDRR) and
triangular interpolation of the NN-interval (TINN). SDRR
contains intervals between each adjacent QRS-complex
and therefore, as opposed to SDNN, also includes abnormal
complexes. TINN is defined as the baseline width of the
histogram showing the measured NN-intervals [31]. Frequency domain measures estimate the absolute or relative
power within different frequency bands and includes very
low frequency (VLF), low frequency (LF), high frequency
(HF), and LF/HF ratio [31]. Non-linear measures, usually
presented by Poincaré plots, describe the variation in different time-series of measures and includes Poincaré plot
standard deviation perpendicular to the line of identity
(SD1), Poincaré plot standard deviation following the line
of identity (SD2), and the SD1/SD2 ratio [32].
Search strategy

The specific search strategy for each database was developed in consultation with two medical librarians.
Pubmed, Embase, Web of Science, Cochrane Database
(CENTRAL), and Scopus were searched using subject
headings and free text related to “hypoxic ischemic encephalopathy” and “heart rate variability”. The search
was performed 6 April 2018. References of included
studies were manually investigated. For PubMed and
CENTRAL, the following search strategy was used: hypoxia ischaemia; hypoxic ischemia; hypoxic ischaemia;
hypoxic ischemic; hypoxic ischaemic; HIE; asphyxia*; encephalopathy; asphyxia neonatorum[MeSH]; hypoxiaischemia, brain[MeSH]. These were combined with: RR
interval*; NN interval*; heart rate variation; HRV; time
domain measure*; non-linear measure*; frequency domain measure*; heart rate variability; beat-to-beat variability; heart rate[MeSH]. The following Embase subject
headings were: newborn hypoxia/exp; hypoxic ischemic
encephalopathy/exp; heart rate variability/exp. For Scopus and Web of Science only free text was applied. The
search results were then combined using Endnote X8.2®
and Covidence systematic review software and duplicates
were removed [33]. The complete search strategy is
available in Additional file 1.
Screening and data extraction

Types of outcome measures

The outcome was defined as HRV measures assessed at the
time of, or after, the HIE assessment and within 7 days after

Two reviewers (MA and TCKA) independently screened
titles and abstracts of the identified studies. Studies that
met the eligibility criteria or provided insufficient
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information were subjected to full-text review. Assessment of potential eligibility and the subsequent data extraction was also performed by two reviewers (MA and
TCKA). Any disagreements were resolved by discussion
until consensus was reached or by consulting a third reviewer (TBH). The screening and selection process was
documented in a PRISMA flowchart (Fig. 1) [28]. Data
was extracted using a predefined data collection form
based on the Cochrane Consumers and Communication
Review Group Data Extraction Template [34]. To reduce
errors and to identify missing data fields, piloting of the
data collection form was performed by two reviewers
(MA and TCKA). We did not contact authors of studies
with missing or inadequate information.
The following information was extracted from the included studies [1]: title, author, country, year of publication, reference list, funding sources, and possible
conflicts of interests [2]; type of methods including study

Fig. 1 PRISMA flowchart of the study selection process
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design and unit of allocation [3]; characteristics of the
neonates (gestational age, postnatal age, birth weight,
and pathologies) including the eligibility criteria [4];
methods for assessing the HIE severity [5]; methods and
postnatal age when assessing the HRV measures [6]; results and statistical significance [7]; information critical
for providing an assessment of risk of bias and strength
of evidence by the Newcastle-Ottawa Scale and the
Grading of Recommendations Assessment, Development
and Evaluation (GRADE).
Risk of bias in individual studies

The risk of bias assessment was independently performed by two reviewers (MA and TCKA). Any disagreements were resolved by discussion until consensus
was reached or by consulting a third reviewer (TBH). To
assess the risk of bias in the included studies, a modified
version of the Newcastle-Ottawa Scale for cohort studies
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was used as proposed by the Cochrane Handbook [34,
35]. Using this scale, studies were awarded points with a
maximum of nine. The points were awarded based on
three domains [1]: selection, scored by the representativeness of the neonates with severe or moderate HIE,
selection of the neonates with mild or no HIE, ascertainment of the HIE severity, and demonstration that outcome was not present at study start [2]; comparability,
scored by the comparability of cohorts based on design
or analysis in the studies with regards to malformations,
infections, metabolic diseases, gender, birth weight, gestational age, postnatal age, therapeutic hypothermia, and
medication [3]; outcome, scored by the assessment of the
HRV measurements, sufficient length of follow-up, and
adequacy of follow-up of the neonates. A maximum of
four, two, and three points could be awarded in each domain, respectively. The quality of the studies was rated
as ‘good’, ‘fair’, or ‘poor’ according to the points awarded.
‘Good quality’ was given 3–4 points in selection and 1–2
points in comparability and 2–3 points in outcome; ‘fair
quality’ was given 2 points in selection and 1–2 points
in comparability and 2–3 points in outcome; and ‘poor
quality’ was given 0–1 points in selection or 0 points in
comparability or 0–1 points in outcome.
Synthesis of results

Unless otherwise stated, the summary measure was
expressed as mean difference with 95% confidence interval (CI). Statistical significance refers to a two-sided pvalue of less than 0.05. Calculations were performed in
Review Manager 5.3 [36]. The heterogeneity between
studies did not allow for meta-analysis. Hence, a narrative synthesis of the results was performed. The synthesis was made in accordance with Popay et al. [37]. We
arranged our results based on the different combinations
of comparisons between the neonates with severe or
moderate HIE and the neonates with mild or no HIE.
For each of these comparisons we present the results
both tabulated and narratively summarised. Furthermore, we sought relations between each of these comparisons such as dose-response. We used the GRADE
approach for assessing the strength of evidence [38].
The number of included studies was insufficient to allow
construction for a funnel plot and formal testing of
asymmetry. Selective reporting bias was assessed by
comparing the outcomes reported in the method section
and the result section of the included studies.

Results
Study selection

A total of 1440 studies were identified across the different databases. After removal of duplicates, 1048 studies
were screened by title and abstract. A total of 43 fulltext studies were assessed for eligibility. Of these, four
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studies met the inclusion criteria and were submitted to
data extraction and analysis [19–22]. Furthermore, 139
studies from the reference lists of the included studies
were screened but none of these were included (Fig. 1).
The included studies were published between 2012 and
2017. An overview of excluded articles with reasons for
exclusion is available in Additional file 2.
Study characteristics
Setting, design, and number of participants

All the studies were conducted in a hospital setting and
the neonates were recruited from neonatal intensive care
units (NICUs). All studies were cohort studies. Data was
available for a total of 248 neonates included in the four
studies. Of these, 135 neonates provided 308 epochs
with simultaneous ECG and EEG recordings. Number of
neonates by study are provided in Table 1.
Populations

Gestational age, birth weight, and male to female ratio
by study can be seen in Table 1.
Aliefendioglu et al. [19] defined HIE as the presence of
profound metabolic or mixed acidemia with pH < 7.00
in an arterial blood sample taken within 60 min after
birth, an Apgar score of < 3 for longer than 5 min, abnormal neurology (seizures, coma, hypotonia), and
multi-organ involvement. Neonates with either moderate
or severe HIE was compared with healthy term controls
who were matched by gender, gestational age, and postnatal age. Neonates with other pathologies including infectious diseases, congenital malformations, congenital
heart diseases, and small for gestational age were excluded. How the neonates were sampled and during
which period was not stated.
Vergales et al. [20] reviewed all records of infants with
a clinical diagnosis of severe or moderate HIE from 2005
to 2011 admitted to a single NICU for therapeutic
hypothermia. These were later classified by EEG and categorized into those with mild, moderate, or severe encephalopathy and those who were considered normal.
Criteria for therapeutic hypothermia included gestational
age ≥ 36 weeks, evidence of an acute perinatal hypoxicischemic event, and severe or moderate encephalopathy
based on Sarnat staging [8, 39]. Neonates with a gestational age < 36 weeks were considered for cooling, and
therefore inclusion in the study, on an individual basis.
Goulding et al. 2015 [21] included all term neonates
with HIE from 2003 to 2007 admitted to two NICUs
prior to the introduction of therapeutic hypothermia.
These were later classified by EEG and divided into mild,
moderate or severe HIE. The eligibility criteria were defined as the fulfilment of two or more of the following
criteria: initial arterial pH < 7.1, Apgar score ≤ 6 at 5 min
after birth, initial capillary or arterial lactate level > 7
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Table 1 Gestational age, birth weight, and male to female ratio of the neonates in the four studies on hypoxic ischemic
encephalopathy (HIE) and heart rate variability
HIE severity
Aliefendioglu et al.
2012, Turkey [19]

Number of neonates

Gestational age (weeks)
a

Birth weight (g)

M/F-ratio

a

Severe HIE
Moderate HIE

10
12

39 (0.78)
39 (0.72) a

3500 (515)
3433 (557) a

6/4
8/4

No HIE

24

39 (0.88) a

3283 (379) a

14/10

a

Vergales et al.
2013, USA [20]

Severe, moderate,
mild, and no HIE

67

Goulding et al.
2015, Ireland [21]

Severe, moderate,
and mild HIE

44

39 (36, 42) b

3384 (1830, 5040) b

26/18

No HIE

17

40 (38, 41) b

3601 (2980, 4060) b

11/6

74

c

c

Goulding et al.
2017, Ireland [22]

Severe, moderate,
and mild HIE

38 (1.4)

a

40 (39, 41)

3236 (511)

3425 (3165, 3745)

NDA

40/34

a

Values are presented as mean (standard deviation). b Values are presented as mean (minimum to maximum)
Values are presented as median (lower to upper quartile)
M/F-ratio, male to female ratio; NDA, no data available
c

mmol/l, or abnormal neurological examination or clinical seizures. A reference group of healthy neonates were
sampled during the same study period, but how they
were sampled was not stated.
Goulding et al. 2017 [22] included all term neonates
with HIE from 2009 to 2014 admitted to a single NICU
for therapeutic hypothermia. The HIE eligibility criteria
were identical with Goulding et al. 2015 [21].
Classification of HIE severity

Only the study by Aliefendioglu et al. [19] classified HIE
clinically according to the Sarnat staging [8]. Only neonates with moderate or severe HIE was considered exposed. In the remaining three studies, the severity of
HIE was classified by multichannel video-EEG. Vergales
et al. [20] classified EEG tracings based on Shellhaas et
al. [40] which included evaluation of continuity/discontinuity, amplitude, symmetry, synchrony, lability of biobehavioral state, and composition of the EEG
background. The EEG tracings were interpreted by a
neurophysiologist. Goulding et al. [21] [22] classified the
EEG tracings according to Murray et al. [12] who evaluated background amplitude, presence of discontinuity,
duration of EEG activity burst and interburst interval,
time prior to return of sleep-wake cycling, and presence
of seizures. The EEG tracings were interpreted by two
clinical physiologists.
Assessment of HRV

Aliefendioglu et al. [19] included mean LF, mean HF, and
LF/HF ratio which were recorded at the end of the first
postnatal week by ECG. The recordings were analyzed
with spectral technique using Fast Fourier transform by a
blinded pediatric cardiologist. The measurements were
provided as relative power of the frequency bands in normal units (nu). The following frequency bands were applied: LF: 0.03–0.15 Hz and HF: 0.15–0.5 Hz.

Vergales et al. [20] obtained SDRR measurements
from within the first 24 h of birth and until 10 days after
birth. SDRR for each neonate was calculated as the
standard deviation of sets of 4096 RR-intervals acquired
from a heart rate characteristic index monitor.
Goulding et al. [21, 22] aimed at getting concurrent
ECG and EEG recordings for 1 h at 12, 24, and 48 h
and 6, 12, 24, 36, 48, and 72 h after birth, respectively. Each ECG recording was divided into 5 min’
segments and the HRV measures were estimated from
the NN-intervals within each of these. The HRV measures included SDNN, TINN, mean VLF, mean LF,
mean HF, and LF/HF ratio. From each neonate, the
mean of the HRV measurements across all obtainable
epochs were used in the statistical analysis and analysed in relation to the EEG tracings at each time
point. The frequency domain measures were estimated as absolute power of the frequency bands
(ms2) using a Periodogram [31]. The following frequency bands were applied: VLF: 0.01–0.04 Hz; LF:
0.04–0.2 Hz; HF: 0.2–2 Hz.
Risk of bias within studies

The points awarded to each study by the NewcastleOttawa Scale are summarized in Table 2. The representativeness of the neonates with severe or moderate HIE
was appropriate and the comparators was drawn from
the same hospitals. The assessment of both HIE severity
and HRV measures were done by examining the appropriate recordings. Only one study stated a blinded assessment of the HRV measures [19]. This study was also
the only study reporting adjustment for potential confounders such as gestational age, birth weight, gender,
and different pathological conditions. Vergales et al. [20]
reported adjustment for administration of phenobarbital,
while Goulding et al. 2015 [21] reported adjustments for
both phenobarbital and morphine. These adjustments
failed to change the estimated associations apart from
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Table 2 Points awarded by the Newcastle-Ottawa Scale to the four studies on hypoxic ischemic encephalopathy (HIE) and heart
rate variability (HRV)
Selection
Representativeness
of exposed cohorta

Comparability

Selection of Ascertainment Presences of Comparability
non-exposed of exposurec outcome of
of cohortse
cohortb
interestd

Outcome
Assessment Long enough Adequacy of
of outcomef
follow-upg
follow uph

Quality
scorei

Aliefendioglu
et al. 2012,
Turkey [19]

A (✹)

A (✹)

A (✹)

A (✹)

A, B (✹✹)

A (✹)

A (✹)

A (✹)

Good
quality

Vergales
et al. 2013,
USA [20]

A (✹)

A (✹)

A (✹)

A (✹)

B (✹)

B (✹)

A (✹)

C

Good
quality

Goulding
et al. 2015,
Ireland [21]

A (✹)

A (✹)

A (✹)

A (✹)

B (✹)

B (✹)

A (✹)

A (✹)

Good
quality

Goulding
et al. 2017,
Ireland [22]

A (✹)

A (✹)

A (✹)

A (✹)

B (✹)

B (✹)

A (✹)

A (✹)

Good
quality

a

A, truly representative; B, somewhat representative; C, selected group; D, no description of the derivation of the cohort
A, drawn from the community as the exposed cohort; B, drawn from a different source; C, no description of the derivation of the non-exposed cohort
c
A, secure record (e.g., surgical records); B, structured interview; C, written self-report; D, no description
d
Demonstration that outcome of interest was not present at the start of the study: A, yes; B, no.
e
Comparability of cohorts based of the design or analysis: A, study controls for the most important factor (malformation); B, study controls for any additional
factor (infections, metabolic diseases, gender, birth weight, gestational age, postnatal age, therapeutic hypothermia, and medication)
f
A, independent blind assessment; B, record linkage; C, self-report; D, no description
g
Was follow-up long enough for outcomes to occur? A, yes; B, no.
h
A, complete follow-up - all subjects were accounted for; B, subjects lost to follow-up were unlikely to introduce bias - small numbers were lost (< 5%) or
description was provided of those lost; C, follow-up rate < 95%, and there was no description of those lost; D, no statement
I
‘Good quality’ was given 3–4 points (✹) in selection and 1–2 points in comparability and 2–3 points in outcome; ‘fair quality’ was given 2 points in selection and
1–2 points in comparability and 2–3 points in outcome; and ‘poor quality’ was given 0–1 points in selection or 0 points in comparability or 0–1 points in outcome
b

the association between TINN and LF and the HIE severity which became statistically insignificant. Within all
four studies, the neonates were comparable with respect
to postnatal age and therapeutic hypothermia.
Results of individual studies

The studies were heterogeneous which made direct comparisons between the studies problematic. Number of neonates or epochs in each statistical analysis and mean
differences with 95% CI are reported in Table 3. Five different comparisons and ten different HRV measures were
presented in the studies. Non-linear measurements, usually presented by Poincaré plots, were not reported.

Severe HIE compared with no HIE

Aliefendioglu et al. [19] found a statistically significant
mean difference in frequency domain measures when
comparing neonates with severe HIE with neonates with
no HIE. Severe HIE was associated with reduced LF and
increased HF with a subsequent reduced LF/HF ratio
(Table 3). In contrast, Goulding et al. [21, 22] found a reduced HF in neonates with severe or moderate HIE. However, these studies measured the absolute power of the
frequency bands while Aliefendioglu et al. [19] measured
the relative power. Goulding et al. 2015 [21] found a statistically significant reduction in all other HRV measures
in neonates with severe HIE compared with neonates
without HIE with exception of the LF/HF ratio (Table 3).

Severe HIE compared with mild HIE

Goulding et al. [21, 22] found a statistically significant reduction in all HRV measures in neonates with severe HIE
compared with neonates with mild HIE with exception of
the LF/HF ratio in Goulding et al. 2015 [21] (Table 3).
Moderate HIE compared with mild HIE

Goulding et al. 2015 [21] found a statistically significant reduction in all HRV measures in neonates with
moderate HIE compared with neonates with mild HIE
with exception of the LF/HF ratio. However, Goulding
et al. 2017 [22] found no association with exception
of a reduced LF/HF ratio in neonates with moderate
HIE (Table 3).

Moderate HIE compared with no HIE

Aliefendioglu et al. [19] found a statistically significant mean difference in frequency domain measures
when neonates with moderate HIE were compared
with neonates without HIE. Thus, the same tendency
was identified as when severe HIE was considered.
However, the mean differences in LF and HF were
significantly smaller (Table 3). Goulding et al. 2015
[21] found a statistically significant reduction in all
HRV measures in neonates with moderate HIE compared with neonates without HIE with exception of
the LF/HF ratio (Table 3).

Moderate, n = 48
Mild, n = 110

Goulding et al.
2017,
Ireland [22]

End of first postnatal
week

Severe, n = 10
No HIE, n = 24

Severe, n = 17
No HIE, n = 17

Aliefendioglu
et al. 2012,
Turkey [19]

Goulding et al.
2015,
Ireland [21]

12–48 h

Time of assessment

6–72 h

12–48 h

Number in the statistical
analysis

Severe HIE compared with no HIE

Moderate, n = 16
Mild, n = 40

Goulding et al.
2015,
Ireland [21]

Number in the statistical
analysis

Moderate HIE compared with mild HIE
Time of assessment

6–72 h

Goulding et al.
2017,
Ireland [22]

Severe, n = 60
Mild, n = 110

12–48 h

Time of assessment

Goulding et al.
Severe, n = 17
2015, Ireland [21] Mild, n = 40

Number in the statistical
analysis

Severe HIE compared with mild HIE
HRV measures

HRV measures

HRV measures

No SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

No Mean LF (nu)
Mean HF (nu)
LF/HF ratio

TH

Yes SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

No SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

TH

Yes SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

No SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

TH

20.4 (17.2, 24.2)
51.9 (43.9, 61.6)
162.1 (112.8, 232.5)
92.1 (61.9, 137)
17.5 (12, 25.4)
5.6 (4.5, 6.9)

15.1 (11.2, 20.3)
42.5 (31.8, 56.8)
90.9 (48.5, 170.4)
52.8 (9.3, 107.7)
16.8 (8.7, 32.8)
3.5 (2.3, 5.1)

73.1 (70.3, 75.9)
20.3 (18.1, 22.5)
4 (3.3, 4.7)
32.9 (27.9, 38.8)
106.4 (93.5, 119.3)
422.1 (296.8, 598.2)
375.7 (263.5, 535.6)
93.6 (61.7, 142)
4.4 (3.3, 5.9)

27.8 (19.7, 35.9)
48.9 (44.5, 53.5)
0.6 (0.4, 0.9)
8.5 (5.1, 14)
24.5 (14.8, 40.6)
27.5 (9.7, 78.2)
13.2 (4.1, 42.8)
4 (2.4, 5.8)
3.7 (2.4, 5.9)

Mean, 95% CI
(No HIE)

18.6 (15.4, 22.4)
50 (40.6, 61.6)
138.8 (95.3, 202.1)
84.1 (54.4, 130.2)
16.8 (10, 28.2)
5.6 (4.4, 7.2)

11.2 (7.8, 16.1)
28 (18.8, 41.6)
57 (28.7, 113)
29.4 (12.6, 68.5)
3.6 (1.3, 7.6)
9.4 (6.3, 13.9)

Mean, 95% CI (severe)

Mean, 95% CI
(mild)

20.4 (17.2, 24.2)
51.9 (43.9, 61.6)
162.1 (112.8, 232.5)
92.1 (61.9, 137)
17.5 (12, 25.4)
5.6 (4.5, 6.9)

10.1 (7.6, 13.4)
26.8 (20.5, 35)
40.1 (21.7, 74.3)
18.1 (9.3, 35.2)
5.8 (3.2, 10.7)
3.3 (2.3, 4.7)

Mean, 95% CI (moderate)

18.6 (15.4, 22.4)
50 (40.6, 61.6)
138.8 (95.3, 202.1)
84.1 (54.4, 130.2)
16.8 (10, 28.2)
5.6 (4.4, 7.2)

Mean, 95% CI (mild)

8.5 (5.1, 14)
24.5 (14.8, 40.6)
27.5 (9.7, 78.2)
13.2 (4.1, 42.8)
4 (2.4, 5.8)
3.7 (2.4, 5.9)

Mean, 95% CI (severe)

P-values
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
0.54

−45.3 (− 53.8, − 36.8)
28.6 (23.7, 33.5)
− 3.4 (− 4.1, − 2.7)
−24.4 (−31.5, − 17.4)
− 81.9 (− 100.1, − 63.6)
− 394.6 (− 548.7, − 240.6)
− 362.4 (− 499.9, − 225.0)
− 89.7 (− 130.4, − 49.0)
− 0.7 (− 2.9, 1.5)

0.08
0.23
0.10
0.21
0.92
0.02

−5.3 (− 11, 0.4)
− 9.4 (− 24.7, 5.9)
− 71.2 (− 156.6, 14.2)
− 39.3 (− 101.2, 22.6)
− 0.7 (− 14.5, 13.1)
− 2.1 (− 3.9, − 0.3)

MD, 95% CI

< 0.01
< 0.01
0.02
0.03
0.01
0.08

−7.4 (− 12.8, − 2.0)
− 22.0 (− 37.5, − 6.5)
− 81.8 (− 149.8, − 13.8)
− 54.7 (− 101.8, − 7.6)
− 13.2 (− 23.2, − 3.2)
3.7 (− 0.3, 7.9)

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
< 0.01

−10.3 (− 14.8, − 5.8)
− 25.1 (− 36.6, − 13.6)
− 122.0 (− 187.4, −
56.6)
− 74.0 (− 113.7, − 34.3)
− 11.7 (− 19.4, − 4.0)
− 2.3 (− 4, − 0.6)

P-values

< 0.01
< 0.01
< 0.01
< 0.01
0.03
0.09

−10.1 (− 15.8, − 4.4)
− 25.5 (− 42.2, − 8.8)
− 111.3 (− 175.6, − 47.0)
− 70.9 (− 113.4, − 28.4)
− 12.8 (− 24.1, − 1.6)
− 1.9 (− 4.1, 0.3)

MD, 95% CI

P-values

MD, 95% CI

Table 3 Mean differences (MD) in heart rate variability (HRV) between the different severities of neonatal hypoxic ischemic encephalopathy (HIE) by study

Andersen et al. BMC Pediatrics
(2019) 19:242
Page 7 of 12

End of first postnatal
week

Moderate, n = 12
No HIE, n = 24

Moderate, n = 16
No HIE, n = 17

Aliefendioglu
et al. 2012,
Turkey [19]

Goulding et al.
2015,
Ireland [21]

Within first 24 h

1–7 days

Severe/moderate, n = 25
Mild/no HIE, n = 11

NDA

Time of assessment

HRV measures

HRV measures

Yes SDRR (ms)

Yes SDRR (ms)

TH

No SDNN (ms)
TINN (ms)
Mean VLF (ms2)
Mean LF (ms2)
Mean HF (ms2)
LF/HF ratio

No Mean LF (nu)
Mean HF (nu)
LF/HF ratio

TH

NDA

17.6 (13.8, 21.4)

Mean, 95% CI (severe/
moderate)

11.2 (7.8, 16.1)
28 (18.8, 41.6)
57 (28.7, 113)
29.4 (12.6, 68.5)
3.6 (1.3, 7.6)
9.4 (6.3, 13.9)

57.8 (52.5, 63.1)
30.6 (26.6, 34.6)
1.9 (1.5, 2.4)

Mean, 95% CI (moderate)

NDA

26.8 (20.1, 33.5)

Mean, 95% CI (mild/no
HIE)

32.9 (27.9, 38.8)
106.4 (93.5, 119.3)
422.1 (296.8, 598.2)
375.7 (263.5, 535.6)
93.6 (61.7, 142)
4.4 (3.3, 5.9)

73.1 (70.3, 75.9)
20.3 (18.1, 22.5)
4 (3.3, 4.7)

Mean, 95% CI
(No HIE)

NDA

< 0.05 at
day 1 and
from day
3–7

0.02

−9.2 (− 16.5, − 1.9)

< 0.01
< 0.01
< 0.01
< 0.01
< 0.01
0.02

−21.7 (−28.6, − 14.8)
− 78.4 (− 95.6, − 61.2)
− 365.1 (− 521.1, − 209.1)
− 346.3 (− 485.2, − 207.4)
− 90.1 (− 130.4, − 49.7)
4.9 (0.9, 9.0)

P-values

< 0.01
< 0.01
< 0.01

−15.3 (− 21.3, − 9.3)
10.3 (5.8, 14.8)
− 2.1 (− 2.9, − 1.3)

MD, 95% Cl

P-values

MD, 95% CI

TH therapeutic hypothermia, CI confidence interval, SDNN standard deviation of normal-to-normal intervals, TINN triangular interpolation of normal-to-normal intervals, VLF very low frequency, LF low frequency, HF
high frequency, nu, normal units, SDRR standard deviation of RR-intervals, NDA no data available

Vergales et al.
2013,
USA [20]

Number in the statistical
analysis

Severe or moderate HIE compared with mild or no HIE

12–48 h

Time of assessment

Number in the statistical
analysis

Moderate HIE compared with no HIE

Table 3 Mean differences (MD) in heart rate variability (HRV) between the different severities of neonatal hypoxic ischemic encephalopathy (HIE) by study (Continued)
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Severe or moderate HIE compared with mild or no HIE

Vergales et al. [20] found a statistically significant reduction in
SDRR within the first 24 h after birth when comparing neonates with severe or moderate HIE with neonates with mild
or no HIE (Table 3). A figure presenting the results from day
one to seven after birth was available, and the differences in
SDRR was statistically significant at day one and from day
three to seven. However, no evidence of association was found
on day two. The mean differences and the precise number of
neonates in the statistical analysis was not presented.
Risk of bias across studies

We found no indication of selective reporting bias as
no discrepancies between outcomes reported in
methods and results were found in the included
studies. The results included in this review are from
relatively small studies and all found an association
between the severity of HIE and HRV. Therefore, we
were unable to rule out publication bias. This may
lead to an overestimation of the association between
HIE severity and HRV.

Discussion
Summary of evidence

One of the main findings in this systematic review was
the lack of evidence in this specific area of interest especially due to the variety of HRV measures and methodology for measuring. For every outcome, the strength of
the evidence was very low according to the GRADE assessment mainly due to the risk of bias and imprecision
of estimates. Still, our review provides three key findings
that may be of importance [1]: in three out of four studies, neonates with severe or moderate HIE had reduced
time domain measures compared with neonates with
mild or no HIE [2]; in three out of four studies, neonates
with severe or moderate HIE had reduced frequency domain measures compared with neonates with mild or no
HIE with exception of an increased HF in relative power
[3]; in three out of four studies, a dose-response like pattern was seen as a tendency towards HRV being more
reduced with increasing HIE severity.
Currently, no standardized methodology for measuring
HRV in neonates exist. This is needed as the methods
used may affect HRV measures. Time domain measures
are affected by the sampling length of the ECG [31, 32].
For example, this issue hampered the comparison of HRV
measures from Vergales et al. [20] and Goulding et al. [21]
[22]. Frequency domain measures may be affected by differences in methodology (i.e., parametric or nonparametric) and the width of the frequency bands used
[41]. Doyle et al. [42] has defined the frequency bands in
healthy neonates less than 12 h of age as: VLF: 0.01–0.04
Hz; LF: 0.04–0.2 Hz; HF: > 0.2 Hz. These frequency bands
were used by Goulding et al. [21, 22] but not by
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Aliefendioglu et al. [19], which again limit comparisons
and meta-analyses. Therefore, we emphasize the need for
standard guidelines for future studies on HRV in neonates.
In the future, such guidelines would allow for collaborations and centre-to-centre data comparison.
Time domain measures are more accessible and easier
to interpret compared with most other HRV measures
[31]. SDRR was only reported in a single study comparing neonates with moderate and severe HIE with neonates with mild or no HIE determined by EEG after an
initial clinical diagnosis of moderate or severe HIE [20].
However, only discrimination of the various grades of
HIE will provide detailed information on HRV measures
in HIE. This study also reported HRC monitor data.
They found that the HRC index had an inverse correlation to SDRR and could predict adverse outcomes in
neonates with HIE, indicating a possible clinical use of
HRV in the assessment of HIE. SDNN describes the
total variability and is believed to be controlled by both
the sympathetic- and parasympathetic nervous system
[31, 43]. Thus, SDNN may be the most clinically relevant HRV biomarker for HIE severity. Overall, neonates
with severe or moderate HIE had a reduced SDNN compared with neonates with mild or no HIE. One study
[22] found no statistically significant reduction in SDNN
when neonates with moderate HIE were compared with
neonates with mild HIE. The main difference between
this study and the previous study from the same group
[21] was treatment with therapeutic hypothermia in the
later. However, other studies have found no effect of
temperature on SDNN in neonates with HIE but have
reported an increase in HF in absolute power during
rewarming and a negative association between LF in
relative power and temperature [26, 44].
None of the studies reported HRV measures from the
first 6 h after birth. Assessment of the grade of HIE in
this period is essential when considering therapeutic
hypothermia since this treatment must be initiated as
early as possible and preferably before 6 h after birth to
be neuroprotective [45, 46]. Yamaguchi et al. [24] reported an increased SDNN within 0 to 6 h after delivery
in preterm fetal sheep with severe hypoxia-ischemia
compared with healthy controls or mild hypoxiaischemia. In the secondary phase of brain injury, considered to be 6 to 72 h after delivery, SDNN decreased and
was significantly reduced compared with the controls.
These findings are in keeping with the findings of the
clinical studies included in this systematic review.
Frequency domain measures also appeared to be potential markers of HIE severity. LF and HF may be used to
describe the autonomic regulation of HRV but the interpretation of the individual frequency measures is still uncertain. LF may reflect a combination of parasympathetic
activity, sympathetic activity, and baroreceptor regulation,
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or baroreceptor regulation only, while it is believed that
HF mainly reflects the parasympathetic activity [31, 47–
53]. Neonates with severe or moderate HIE had reduced
frequency domain measurements in absolute power. The
absolute power may reflect the overall autonomic activity,
which therefore appears to be reduced [47]. Furthermore,
neonates with severe or moderate HIE had a reduced LF/
HF ratio in relative power. LF and HF in relative power reflects the proportion of the total power minus VLF, which
may accentuate the balance between the different neuronal regulations of the HRV [31]. As HF is believed only
to reflect the parasympathetic activity and LF may reflect different neural components, these findings may
indicate a preponderance of parasympathetic activity
in these neonates [19].
In frequency domain measures in relative power, a
dose-response-like relationship was indicated by a larger
difference when comparing neonates with severe HIE
with no HIE than when comparing neonates with moderate HIE with no HIE. The same pattern was seen in
time domain measures and most frequency domain
measures in absolute power, although not statistically
significant. Still, these findings indicate that HRV may
be a potential biomarker for HIE severity. This is supported by other studies who found that the HRV could
distinguish neurodevelopment outcome in neonates with
HIE. Goulding et al. 2015 [21] also investigated two-year
neurodevelopmental outcome and found a correlation
between adverse outcomes and reduced HRV measurements from 12 to 48 h after birth. Massaro et al. [25]
compared neonates with HIE with either favorable or
adverse outcomes at 15 months. Frequency domain measures were measured in relative power and assessed between 5 to 110 h after birth. In neonates with an adverse
outcome, LF was reduced while HF was increased, which
corroborated with the findings in Aliefendioglu et al.
[19] HRV seemed to provide the best discrimination between those with adverse outcome and those without if
measured at 24 to 80 h of life. A systematic review [27]
has evaluated HRV as a long-term prognostic marker.
They concluded that HRV may be used as a long-term
prognostic marker for neurodevelopmental outcome in
HIE. However, further research was warranted.

Limitations
Strength

This systematic review followed a comprehensive and
structured search strategy implemented in five different
databases. The study followed an a priori registered protocol, minimizing the risk of reporting bias. Furthermore,
screening, selection of studies, data extraction, assessment
of risk of bias, and strength of evidence was carried out independently by two reviewers. Reporting bias was not
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identified. However, the possibility of publication bias
could not be ruled out.
Limitations

Meta-analysis was impossible due to heterogeneity between studies with respect to the assessment of both
HIE and HRV. Many of the comparisons presented in
this review were not controlled for important variables
such as gestational age, birth weight, and different
pathological conditions e.g., malformations and sepsis
[54–57]. It is well known that these factors may depress HRV measures and thereby influence the results
[54–57]. Thus, confounding from these variables may
influence the results. Even when adjusting for these
different variables, there is a potential risk of residual
confounding. Furthermore, the studies offered no description of the course of delivery. Therefore, neonates
with encephalopathy caused by other etiologies than
hypoxia-ischemia may have been included. Thus, it is
possible that the identified HRV patterns reflects other
etiologies of neonatal encephalopathy in addition to
hypoxia-ischemia.

Conclusion
Overall, this review found that moderate and severe HIE
was associated with reduced HRV measures except from
an increased HF in relative power. This indicates that
HRV may have potential as a biomarker for HIE severity
during the acute phase of injury. However, the strength of
the evidence for each HRV measure was very low, and
therefore further research is required. We recommend
that future studies focus on [1]: larger sample sizes of
well-defined populations of neonates [2]; a stringent definition of HIE grade [3] well described HRV measures with
postnatal timing accurately recorded [4]; comparability between the neonates with different severities of HIE. This
could minimize the risk of bias and imprecision, which we
found to influence previous studies.
Additional files
Additional file 1: The full search strategy. The full search strategies used
in Pubmed, Embase, Web of Science, Cochrane Database (CENTRAL), and
Scopus. (DOCX 17 kb)
Additional file 2: Excluded studies with reasons for exclusion. List of
studies excluded with reasons for exclusion during the full-text assessment of eligibility. (DOCX 112 kb)
Abbreviations
ECG: Electrocardiogram; EEG: Electroencephalogram; HF: High frequency;
HIE: Hypoxic ischemic encephalopathy; HRC: Heart rate characteristics;
HRV: Heart rate variability; LF: Low frequency; NICU: Neonatal intensive care
units; SD1: Poincaré plot standard deviation perpendicular to the line of
identity; SD2: Poincaré plot standard deviation following the line of identity;
SDNN: Standard deviation of NN-intervals; SDRR: Standard deviation of RRintervals; TINN: Triangular interpolation of the NN-interval; VLF: Very low
frequency

Andersen et al. BMC Pediatrics

(2019) 19:242

Acknowledgements
Not applicable.
Authors’ contribution
MA, TCKA, and TBH have made a substantial contribution to the conception
and design of the work. MA and TCKA have been involved in the acquisition
of data. MA, TCKA, MVP, KJK, and TBH have been involved in the analysis and
interpretation of data. MA, TCKA, MVP, KJK, and TBH have been involved in
drafting the work and substantively revising it. All authors have approved the
submitted version. All authors have agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the work, even ones in
which the author was not personally involved, are appropriately investigated,
resolved, and the resolution documented in the literature.
Funding
The PhD salary of TCKA was provided by the Lundbeck Foundation (R208–
2015-3647). Funding bodies played no role in the design of the study, the
collection of the data, the analysis and interpretation of the data, and the
writing of the manuscript.
Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Received: 4 March 2019 Accepted: 27 June 2019

References
1. Kurinczuk JJ, White-Koning M, Badawi N. Epidemiology of neonatal
encephalopathy and hypoxic-ischaemic encephalopathy. Early Hum Dev.
2010;86(6):329–38.
2. Perez A, Ritter S, Brotschi B, Werner H, Caflisch J, Martin E, et al. Long-term
neurodevelopmental outcome with hypoxic-ischemic encephalopathy. J
Pediatr. 2013;163(2):454–9.
3. Inoue T, Shimizu M, Hamano S, Murakami N, Nagai T, Sakuta R. Epilepsy and
west syndrome in neonates with hypoxic-ischemic encephalopathy. Pediatr
Int. 2014;56(3):369–72.
4. Pisani F, Orsini M, Braibanti S, Copioli C, Sisti L, Turco EC. Development of
epilepsy in newborns with moderate hypoxic-ischemic encephalopathy and
neonatal seizures. Brain Dev. 2009;31(1):64–8.
5. Lindstrom K, Lagerroos P, Gillberg C, Fernell E. Teenage outcome after
being born at term with moderate neonatal encephalopathy. Pediatr
Neurol. 2006;35(4):268–74.
6. Pierrat V, Haouari N, Liska A, Thomas D, Subtil D, Truffert P, et al. Prevalence,
causes, and outcome at 2 years of age of newborn encephalopathy:
population based study. Arch Dis Child Fetal Neonatal Ed. 2005;90(3):F257–61.
7. Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG. Cooling
for newborns with hypoxic ischaemic encephalopathy. Cochrane Database
Sys Rev. 2013;(1):CD003311.
8. Sarnat HB, Sarnat MS. Neonatal encephalopathy following fetal distress. A
clinical and electroencephalographic study. Arch Neurol. 1976;33(10):696–705.
9. Thompson CM, Puterman AS, Linley LL, Hann FM, van der Elst CW,
Molteno CD, et al. The value of a scoring system for hypoxic ischaemic
encephalopathy in predicting neurodevelopmental outcome. Acta
Paediatr. 1997;86(7):757–61.
10. Cotten CM, Shankaran S. Hypothermia for hypoxic-ischemic
encephalopathy. Expert Rev Obstet Gynecol. 2010;5(2):227–39.
11. Sanchez Fernandez I, Morales-Quezada JL, Law S, Kim P. Prognostic value of
brain magnetic resonance imaging in neonatal hypoxic-ischemic
encephalopathy: a Meta-analysis. J Child Neurol. 2017;32(13):1065–73.

Page 11 of 12

12. Murray DM, Boylan GB, Ryan CA, Connolly S. Early EEG findings in
hypoxic-ischemic encephalopathy predict outcomes at 2 years.
Pediatrics. 2009;124(3):e459–67.
13. Shalak LF, Laptook AR, Velaphi SC, Perlman JM. Amplitude-integrated
electroencephalography coupled with an early neurologic examination
enhances prediction of term infants at risk for persistent encephalopathy.
Pediatrics. 2003;111(2):351–7.
14. van Laerhoven H, de Haan TR, Offringa M, Post B, van der Lee JH.
Prognostic tests in term neonates with hypoxic-ischemic encephalopathy: a
systematic review. Pediatrics. 2013;131(1):88–98.
15. Ahearne CE, Boylan GB, Murray DM. Short and long term prognosis in
perinatal asphyxia: an update. World J Clin Pediatr. 2016;5(1):67–74.
16. DuPont TL, Chalak LF, Morriss MC, Burchfield PJ, Christie L, Sanchez PJ.
Short-term outcomes of newborns with perinatal acidemia who are not
eligible for systemic hypothermia therapy. J Pediatr. 2013;162(1):35–41.
17. Berntson GG, Bigger JT Jr, Eckberg DL, Grossman P, Kaufmann PG, Malik M,
et al. Heart rate variability: origins, methods, and interpretive caveats.
Psychophysiology. 1997;34(6):623–48.
18. Moorman JR, Carlo WA, Kattwinkel J, Schelonka RL, Porcelli PJ, Navarrete CT,
et al. Mortality reduction by heart rate characteristic monitoring in very low
birth weight neonates: a randomized trial. J Pediatr. 2011;159(6):900–6 e1.
19. Aliefendioglu D, Dogru T, Albayrak M, DibekMisirlioglu E, Sanli C. Heart rate
variability in neonates with hypoxic ischemic encephalopathy. Indian J
Pediatr. 2012;79(11):1468–72.
20. Vergales BD, Zanelli SA, Matsumoto JA, Goodkin HP, Lake DE, Moorman
JR, et al. Depressed heart rate variability is associated with abnormal
EEG, MRI, and death in neonates with hypoxic ischemic
encephalopathy. Am J Perinatol. 2013;31(10):855–62.
21. Goulding RM, Stevenson NJ, Murray DM, Livingstone V, Filan PM, Boylan GB.
Heart rate variability in hypoxic ischemic encephalopathy: correlation with EEG
grade and 2-y neurodevelopmental outcome. Pediatr Res. 2015;77(5):681–7.
22. Goulding RM, Stevenson NJ, Murray DM, Livingstone V, Filan PM, Boylan GB.
Heart rate variability in hypoxic ischemic encephalopathy during
therapeutic hypothermia. Pediatr Res. 2017;81(4):609–15.
23. Metzler M, Govindan R, Al-Shargabi T, Vezina G, Andescavage N, Wang Y, et
al. Pattern of brain injury and depressed heart rate variability in newborns
with hypoxic ischemic encephalopathy. Pediatr Res. 2017;82(3):438–43.
24. Yamaguchi K, Lear CA, Beacom MJ, Ikeda T, Gunn AJ, Bennet L. Evolving
changes in fetal heart rate variability and brain injury after hypoxia-ischaemia
in preterm fetal sheep. J Physiol. 2018;596(23):6093–104.
25. Massaro AN, Govindan RB, Al-Shargabi T, Andescavage NN, Metzler M,
Chang T, et al. Heart rate variability in encephalopathic newborns during
and after therapeutic hypothermia. J Perinatol. 2014;34(11):836–41.
26. Vesoulis ZA, Rao R, Trivedi SB, Mathur AM. The effect of therapeutic
hypothermia on heart rate variability. J Perinatol. 2017;37(6):679–83.
27. Oliveira V, Martins R, Liow N, Teiserskas J, von Rosenberg W, Adjei T, et al.
Prognostic accuracy of heart rate variability analysis in neonatal
encephalopathy: a systematic review. Neonatology. 2018;115(1):59–67.
28. Liberati A, Altman DG, Tetzlaff J, Mulrow C, Gotzsche PC, Ioannidis JP, et al.
The PRISMA statement for reporting systematic reviews and meta-analyses
of studies that evaluate health care interventions: explanation and
elaboration. J Clin Epidemiol. 2009;62(10):e1–34.
29. Chien PF, Khan KS, Siassakos D. Registration of systematic reviews:
PROSPERO. BJOG. 2012;119(8):903–5.
30. Martinello K, Hart AR, Yap S, Mitra S, Robertson NJ. Management and
investigation of neonatal encephalopathy: 2017 update. Arch Dis Child Fetal
Neonatal Ed. 2017;102(4):F346–F58.
31. Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology. Heart rate variability.
Standards of measurement, physiological interpretation, and clinical use.
Eur Heart J. 1996;17(3):354–81.
32. Shaffer F, Ginsberg JP. An overview of heart rate variability metrics and
norms. Front Public Health. 2017;5:258.
33. Covidence systematic review software, Veritas Health Innovation,
Melbourne, Australia. (www.covidence.org). Accessed 7 Feb 2019.
34. JPT H. Cochrane handbook for systematic reviews of interventions version 5.
1.0. [updated march 2011]: Cochrane Collaboration; 2011.
35. Wells GA, Shea, B., O'Connel, D. et al. The Newcastle-Ottawa scale (NOS) for
assessing the quailty of nonrandomised studies in meta-analyses. 2000.
36. Review Manager (RevMan) [Computer program]. Version 5.3. Copenhagen:
The Nordic Cochrane Centre, The Cochrane Collaboration, 2014.

Andersen et al. BMC Pediatrics

(2019) 19:242

37. Popay J, Roberts HM, Sowden A, Petticrew M, Arai L, Rodgers M, et al.
Guidance on the conduct of narrative synthesis in sytematic reviews:
Institute for Health Research; 2006
38. Shünemann H BJ, Guyatt G, Oxman A, editorsGRADE handbook for grading
quality of evidence and strength of recommendations. Updated October
2013. The GRADE Working Group, 2013.
39. Shankaran S, Laptook AR, Ehrenkranz RA, Tyson JE, McDonald SA, Donovan
EF, et al. Whole-body hypothermia for neonates with hypoxic-ischemic
encephalopathy. N Engl J Med. 2005;353(15):1574–84.
40. Shellhaas RA, Gallagher PR, Clancy RR. Assessment of neonatal
electroencephalography (EEG) background by conventional and two
amplitude-integrated EEG classification systems. J Pediatr. 2008;153(3):369–74.
41. Poliakova N, Dionne G, Dubreuil E, Ditto B, Pihl RO, Perusse D, et al. A
methodological comparison of the Porges algorithm, fast Fourier transform,
and autoregressive spectral analysis for the estimation of heart rate
variability in 5-month-old infants. Psychophysiology. 2014;51(6):579–83.
42. Doyle OM, Korotchikova I, Lightbody G, Marnane W, Kerins D, Boylan GB.
Heart rate variability during sleep in healthy term newborns in the early
postnatal period. Physiol Meas. 2009;30(8):847–60.
43. Bigger JT Jr, Fleiss JL, Steinman RC, Rolnitzky LM, Schneider WJ, Stein PK. RR
variability in healthy, middle-aged persons compared with patients with
chronic coronary heart disease or recent acute myocardial infarction.
Circulation. 1995;91(7):1936–43.
44. Massaro AN, Campbell HE, Metzler M, Al-Shargabi T, Wang Y, du
Plessis A, et al. Effect of temperature on heart rate variability in
neonatal ICU patients with hypoxic-ischemic encephalopathy.
Pediatr Crit Care Med. 2017;18(4):349–54.
45. Gunn AJ, Bennet L, Gunning MI, Gluckman PD, Gunn TR. Cerebral
hypothermia is not neuroprotective when started after postischemic
seizures in fetal sheep. Pediatr Res. 1999;46(3):274–80.
46. Jia W, Lei X, Dong W, Li Q. Benefits of starting hypothermia treatment
within 6 h vs. 6-12 h in newborns with moderate neonatal hypoxicischemic encephalopathy. BMC Pediatr. 2018;18(1):50.
47. Akselrod S, Gordon D, Ubel FA, Shannon DC, Berger AC, Cohen RJ. Power
spectrum analysis of heart rate fluctuation: a quantitative probe of beat-tobeat cardiovascular control. Science. 1981;213(4504):220–2.
48. Reyes del Paso GA, Langewitz W, Mulder LJ, van Roon A, Duschek S. The
utility of low frequency heart rate variability as an index of sympathetic
cardiac tone: a review with emphasis on a reanalysis of previous studies.
Psychophysiology. 2013;50(5):477–87.
49. Goldstein DS, Bentho O, Park MY, Sharabi Y. Low-frequency power of heart
rate variability is not a measure of cardiac sympathetic tone but may be a
measure of modulation of cardiac autonomic outflows by baroreflexes. Exp
Physiol. 2011;96(12):1255–61.
50. Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regulation
explored in the frequency domain. Circulation. 1991;84(2):482–92.
51. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P, et al.
Power spectral analysis of heart rate and arterial pressure variabilities as
a marker of sympatho-vagal interaction in man and conscious dog. Circ
Res. 1986;59(2):178–93.
52. Pomeranz B, Macaulay RJ, Caudill MA, Kutz I, Adam D, Gordon D, et al.
Assessment of autonomic function in humans by heart rate spectral
analysis. Am J Phys. 1985;248(1 Pt 2):H151–3.
53. Billman GE. The LF/HF ratio does not accurately measure cardiac sympathovagal balance. Front Physiol. 2013;4:26.
54. Rakow A, Katz-Salamon M, Ericson M, Edner A, Vanpee M. Decreased
heart rate variability in children born with low birth weight. Pediatr Res.
2013;74(3):339–43.
55. Selig FA, Tonolli ER, Silva EV, Godoy MF. Heart rate variability in preterm and
term neonates. Arq Bras Cardiol. 2011;96(6):443–9.
56. Bohanon FJ, Mrazek AA, Shabana MT, Mims S, Radhakrishnan GL, Kramer
GC, et al. Heart rate variability analysis is more sensitive at identifying
neonatal Sepsis than conventional vital signs. Am J Surg. 2015;210(4):661–7.
57. Aletti F, Ferrario M, de Jesus TB, Stirbulov R, Silva AB, Cerutti S, et al. Heart rate
variability in children with cyanotic and acyanotic congenital heart disease:
analysis by spectral and non linear indices. Conf Proc. 2012;2012:4189–92.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 12 of 12

