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BACKGROUND: This study aims to compare the longitudinal changes in heart rate variability (HRV) during therapeutic hypothermia
in neonates with different subtypes of hypoxic-ischemic brain injury.

METHODS: HRV was computed from 1 hour time-epochs g6 hours for the first 48 hours. Primary outcome was brain-injury pattern
on MRI at 4(3-5) days. We fitted linear mixed-effect regression models with HRV metric, brain injury subtype and postnatal age.
RESULTS: Among 89 term neonates, 40 neonates had abnormal brain MRI (focal infarct 15 (38%), basal-ganglia predominant 8
(20%), watershed-predominant 5 (13%), and mixed pattern 12 (30%)). There was no significant difference in the HRV metrics
between neonates with normal MRI, focal infarcts and basal ganglia pattern. At any given postnatal age, the degree of HRV
suppression (HRV measure in the brain-injury subtype group/HRV measure in Normal MRI group) was significant in neonates with
watershed pattern (SDNN(0.63, p = 0.08), RMSSD(0.74, p = 0.04)) and mixed pattern injury (SDNN (0.64, p < 0.001), RMSSD (0.75, p =
0.02)). HRV suppression was most profound at the postnatal age of 24-30 h in all brain injury subtypes.

CONCLUSION: Neonates with underlying watershed injury with or without basal-ganglia injury demonstrates significant HRV

suppression during first 48 hour of hypothermia therapy.

Pediatric Research (2022) 92:1630-1639; https://doi.org/10.1038/s41390-022-02016-9

IMPACT:

® Our study suggests that suppression of heart rate variability in neonates during therapeutic hypothermia varies according to

the pattern of underlying hypoxic-ischemic brain injury.

® Neonates with watershed predominant pattern and mixed pattern of brain injury have the most severe suppression of

heart rate variability measures.

® Heart rate variability monitoring may provide early insights into the pattern of hypoxic-ischemic brain injury in neonates
undergoing therapeutic hypothermia earlier than routine clinical MRI

INTRODUCTION

Therapeutic hypothermia improves survival and neurodevelopmen-
tal outcome following perinatal hypoxic-ischemic brain injury;
however, almost 47% of infants will develop neurodeficits despite
therapy'?. There is a need to optimize neuroprotective care by
utilizing novel modalities for early clinical prognostication. Currently,
the most reliable prognostic tool is the pattern of brain injury
detected by conventional magnetic resonance imaging (MRI)
performed at 3-5 days after the initial insult®. Biomarkers capable
of discriminating neonates with significant brain injury, earlier in the
disease course may help select candidates for synergistic neuropro-
tective therapies and inform clinical decision. Heart rate variability
(HRV) is a non-invasive marker of autonomic functional state, known
to be inversely proportional to the severity of neonatal encephalo-
pathy®. It is a potential prognostic marker of neurological outcome
after hypoxic-ischemic brain injury>®. The longitudinal changes in

HRV metrics during therapeutic hypothermia and its relationship
with the topography of brain injury is not well understood.

HRV analysis quantifies the fluctuations in successive QRS
complexes generated by heart-brain interactions and non-linear
modulation of autonomic outputs. It has been suggested that
high-frequency (HF) fluctuations correspond to vagal output and
low-frequency (LF) fluctuations reflect baroreceptor activity during
resting conditions.The respiratory cycle, either from spontaneous
or assisted breathing, is imprinted in the HF component of HRV.
Conversely, there is increasing evidence that it is not possible to
reliably distinguish sympathetic and parasympathetic contribu-
tions to HRV’. The relationship between autonomic activity and
spectral analysis of HRV becomes hazy at the extremes of
physiology and considerable caution is needed in interpretation®.
Traditionally, time domain and frequency domain measures of
HRV in neonates with hypoxic-ischemic brain injury has been

"Department of Paediatrics, Faculty of Health Sciences, McMaster University, Hamilton, ON, Canada. *Department of Paediatrics, The Hospital for Sick Children, University of
Toronto, Toronto, ON, Canada. >Department of Diagnostic Imaging, The Hospital for Sick Children, University of Toronto, Toronto, ON, Canada. “Bloorview Research Institute,
Holland Bloorview Kids Rehabilitation Hospital, Toronto, ON, Canada. >Clinical Research Unit, Children’s Hospital of Eastern Ontario Research Institute, Ottawa, ON, Canada.

HMemail: goswamii@mcmaster.ca

Received: 6 November 2021 Revised: 31 January 2022 Accepted: 15 February 2022

Published online: 15 March 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02016-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02016-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02016-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-022-02016-9&domain=pdf
https://doi.org/10.1038/s41390-022-02016-9
mailto:goswamii@mcmaster.ca
www.nature.com/pr

previously reported, however other HRV measures particularly
Poincaré plots has not been extensively studied.

Despite methodological heterogeneity between studies,
depressed HRV has been consistently reported in moderate-
severe encephalopathy®®™'3, Prior studies on brainstem dysfunc-
tion, coma and traumatic brain injury'*' allude to direct and
indirect functional links between autonomic regulation and
integrity of brain structures involved in higher brain functions'®.
The aim of this study was to evaluate the differences in
longitudinal HRV trajectory during the first 48 h of life in neonates,
undergoing therapeutic hypothermia, with different patterns of
hypoxic-ischemic brain injury. We hypothesized that the pattern of
brain injury will influence individual neonates’ early heart rate
variability and how HRV changes over time.

MATERIALS AND METHODS

Participant recruitment and inclusion criteria

This was a secondary analysis of the data collected from a prospective
study at The Hospital for Sick Children, Canada for neonatal encephalo-
pathy. Encephalopathic neonates =36 weeks gestational age and recruited
within 6 h of life were included in the study. For this study, we included
neonates with a diagnosis of neonatal encephalopathy and who met the
eligibility criteria for therapeutic hypothermia. Neonatal encephalopathy
due to infectious, genetic or metabolic etiology were excluded. Decision to
initiate hypothermia was ascertained based on clinical presentation,
neurological examination, fetal acidosis (pH<7 or base deficit >12),
presence of peripartum sentinel event, and Apgar scores < 5 at 10 min by
on-call Neonatologist following therapeutic hypothermia protocol of the
Neonatal intensive care unit. Research team members approached parents
for consent after the decision of hypothermia was taken. A Pediatric
Neurologist (ET) from the research team performed neurological examina-
tion to assign encephalopathy score within 24h of recruitment. The
institutional research ethics board approved the study protocol, and
parents of all subjects provided informed consent.

Clinical assessments

All subjects underwent therapeutic hypothermia for 72h. EEG-ECG
monitoring (NicoletOne™ vEEG system, Natus, Middleton, WI) was initiated
as soon as possible after admission and continued for at least 48 h after
birth to capture synchronized video images with digital EEG-ECG data.
Severity of encephalopathy was graded within 24h of life using the
encephalopathy scoring system, previously demonstrated to be associated
with neurodevelopmental outcomes'”. Severity of cardiac dysfunction was
quantified within 48 h of life using the cardiovascular subscore of a
previously reported multiorgan dysfunction scale i.e score 0 (troponin T <
0.1 pg/L and no inotropes), score 1(troponin T 0.1 —0.24pg/L and 1
inotrope <24 h), score 10 (troponin T>0.24 ug/L and 1 inotrope >24 hr)
and score 20 (>2 inotrope)'®.

ECG preprocessing and HRV computation

ECG data was sampled at 256 Hz and 1 h recordings at 12 h, 18 h, 24 h, 30 h,
36 h, 42 h and 48 h postnatal age were extracted. Our cohort included only
outborn infants, thus recordings at 6 h after birth were rarely available. Time
epochs with electrographic seizures in corresponding EEG recording were
excluded from the analysis. Signal processing was performed using Kubios
HRV analysis software, version 3.3 (Kubios Oy, Kuopio, Finland)'®. A built-in
QRS detection algorithm based on the Pan-Tompkins algorithm was
applied to detect R-peaks and compute RR interval (Fig. 1). Cubic spline
interpolation at a rate of 4 Hz generated an equidistantly sampled RR time
series. An automatic artefact correction algorithm was used to detect
technical and physiological artefacts and remove ectopic/misplaced beats
from the normal sinus rhythm'®. The detrending method based on
smoothness prior to regularization with a cutoff frequency of < 0.04 Hz was
used to remove non-stationarities. Frequency domain measures were
estimated by Welch's periodogram method using window width of 300s
with 50% overlap and smoothing window of 0.02 Hz.

HRV metrics
Standard time domain analysis (RMSSD, Root mean square successive RR
interval differences; SDNN, Standard deviation of NN interval), frequency
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domain analysis (normalized LF or LFnu [0.04-0.15 Hz], normalized HF or
HFnu [0.15-0.4 Hz]) and Poincaré plot (SD1,SD2) measures were calculated
from each time-epoch?®. SDNN quantifies the overall variation or total
power in the beat-to-beat interval. LFnu quantifies the percent of the total
power explained by the low-frequency power. RMSSD and HFnu
characterizes short-term variability or fast changes in the beat-to-beat
intervals. HFnu quantifies the percent of the total power explained by the
high-frequency power®'~%3,

Poincaré analysis of consequitive RR intervals (RRi) quantifies the
dispersion in the RRi in the direction perpendicular (SD1) and diagonal
(SD2) to the line of identity of the scatter plot*>**. The line of identity is
used as a reference line in a 2-dimensional scatter plot. When the
corresponding RR intervals are equal to each other (no variability), the
corresponding scatter points fall exactly on the identity line (Fig. 1). SD1
denotes the deviations of the points perpendicular to the line of identifty
(measure of beat-to-beat variability) while SD2 denotes the dispersion of
the points along the line of identity (measure of overall variability)®. It has
been shown experimentally that the shape of the Poincaré plot is
indicative of alterations in sympathetic and parasympathetic modulation
(Fig. 1)%. In the presence of balanced sympathetic and parasympathetic
activity, it is “comet shape”. Parasympathetic blockade or unopposed
sympathetic activity gives it a “cigar shape”. However, complete autonomic
blockade changes the shape of the plots to a “tight cluster">>. We further
calculated Cardiac vagal index (CVI) and Cardiac sympathetic index (CSI)
from SD1 and SD2 values using the following equations:

CVI = log,o(SD1 * SD2)

CSI = SD2/SD1

These measures are claimed to be reliable markers of short-term cardiac
parasympathetic and sympathetic function separately®®.

Neuroimaging

MRI brain was performed using custom MR-compatible incubators with
specialized head coils on a 3T or 1.5T MRI scanner (Siemens Magnetom
Prisma or Skyra 3T, or Philips Achieva 3T or 1.5T). As these images were
obtained for both clinical and research purposes, sedation was used when
indicated by the clinical team. Imaging sequences included T1 (TR/TE=
6/2.64, voxel size = 1 x 1 mm; slice thickness = 1 mm, field of view (FOV) =
192 mm, number of signal averages (NSA)=1), T2 (TR/TE=5700/144,
flip angle=120, echo train length =19, voxel size=1x1mm; slice
thickness =1mm, FOV=192mm, NSA=1), DWI (TR/TE=6000/108,
matrix =128 x 128, slice thickness =3 mm, FOV =160 mm, echo train
length =96, NSA =3). All images were reviewed by blinded pediatric
neuroradiologist (EW) to identify brain injury. Infants were stratified by
outcome into two groups: (i) Normal brain MRI (i) Abnormal brain MRI.
The second group was further classified into brain injury subtypes
(i) watershed-predominant pattern of injury involving the vascular
watershed zones i.e. parasagittal white matter and in more severely
affected infants the overlying cortex; (ii) basal ganglia-predominant pattern
affecting bilaterally the central gray nuclei (ventrolateral thalami and
posterior putamina) and perirolandic cortex, hippocampus and brain stem;
and (iii) mixed pattern brain injury indicating injury to areas within both
the above-mentioned structures®’.

Statistical analysis

Descriptive statistics included standard measures of central tendency and
variability. We compared HRV variables between neonates with normal
and abnormal brain MRI using the Mann-Whitney U test. To compare HRV
metrics across brain injury subtypes and the reference group (Normal brain
MRI), we fitted linear mixed effect regression models with HRV metric
(dependent variable) and brain injury subtype, postnatal age, potential
confounders (independent variables). The fixed effect is brain injury
subtype and postnatal age while the random effect is individual subject.
We used random-intercept longitudinal model with first-order autoregres-
sion covariance (AR1) structure to regress HRV metrics on a second degree
polynomial time trend allowing every neonate to follow their own
trajectory with a unique intercept (baseline HRV). This approach accounts
for the variability in the number of data points per subject. Interaction
terms between time and brain injury subtype were a-priori considered but
removed from the model if they did not improve the model fit. All HRV
variables were log-transformed to meet the necessary assumptions for
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Fig. 1

The steps involved in raw ECG signal preprocessing and computation of heart rate variability metrics are illustrated. a Preprocessing

of ECG signal includes R peak detection, artifact correction, interpolation and detrending. Subsequently, time domain (SDNN, RMSSD),
frequency domain (LFnu, HFnu), and non-linear (SD1, SD2) metrics are computed. b Visual illustration of Poincaré plots in three different
experimental situation namely complete autonomic blockade, parasympathetic blockade and balanced sympathetic-parasympathetic activity.

general linear model validity. Clinical covariates such as Apgar score at 5
min, umbilical cord arterial pH, encephalopathy scores, gestational age,
sex, cardiac dysfunction score were accounted for in these models in
stepwise forward method and the variables that did not improve the
Akaike Information Criterion were omitted. All statistical calculations were
performed using the R software package, version 3.6.2 (R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

Baseline characteristics of the study participants

Among 112 infants who met the inclusion criteria, 6 infants did
not have MRI brain and thus were excluded from the analyses.
Further 6 infant’s data had to be excluded due to poor quality of
ECG signals, 3 infants did not have EEG-ECG recording, 4 infants
were excluded because continuous EEG-ECG monitoring was
started after 36 h of life and 4 infants were excluded from the
study due to later diagnosis of other pathologies. Among 89
infants who were included in the final analysis, specific time-
epochs with corresponding electrographic seizures were
excluded. Since the study was conducted in an outborn center,
due to delay in initiation of EEG-ECG recording the data at early
time points (6 h) was often not feasible. ECG data available from
31 epochs (12 h), 53 epochs (18 h), 78 epochs (24 h), 81 epochs
(30 h), 87 epochs (36 h), 87 epochs (42 h) and 86 epochs (48 h)
infants were included in the analyses. Table 1 enumerates the
demographic characteristics of the study participants. Five
subjects died prior to discharge. Among the infants who had
abnormal brain MRI brain (n=40), 15 (38%) had focal infarcts,
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8 (20%) had basal ganglia-predominant pattern, 5(13%) had
watershed-predominant pattern, and 12 (30%) had mixed pattern
of injury. Neonates with abnormal brain MRI had significantly
higher first blood lactate level, higher needs for ionotrope infusion
and anti-epileptic medication and higher incidence of both
electroclinical and subclinical electrographic seizures than neo-
nates with normal brain MRI. There was no clinically significant
difference between the median encephalopathy score of neonates
with and without abnormal brain MRI in the first 24 h of birth.

Comparison of HRV metrics at specific timepoints between
brain injury groups

There was no statistically significant difference between the mean
HRV values of neonates with normal brain MRI and abnormal brain
MRI at 12h of life. Neonates with abnormal brain MRI had
significantly lower mean SDNN and SD2 values at all timepoints
beyond 18 h of life and significantly lower mean RMSSD and SD1
values at 18 h, 24 h, 30 h and 36 h of life compared to neonates with
normal brain MRI. The mean difference in LFnu and HFnu values
between the two groups was only statistically significant at 24 h,
30h and 36 h of life (Table 2). Beyond 24 h of life, there was a
statistically significant difference in CVI and CSI values between the
two groups, with lower values in neonates with abnormal brain MRI.

Comparison of the HRV metrics between different brain injury
subtypes

Figure 2 shows the mean HRV values (+1 SEM) as a function of
postnatal age and brain injury subtype. The mean HRV values
were comparable between neonates with normal brain MRI and

Pediatric Research (2022) 92:1630-1639
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Table 1. Perinatal and neonatal characteristics of the study participants.
Entire Cohort
N 89
Male, n (%) 56 (62)
Gestational age, mean (SD) 395+1.3
Birth weight, mean (SD) 3342 +511
C-section, n (%) 51 (57)
Apgar score at 1 min, median (IQR) 1(1-3)
Apgar score at 5 min, median (IQR) 4 (3-6)
Arterial cord pH, mean (SD) 7.09+0.17
First gas lactate, mean (SD) 9.9+6.1
Time to reach target temperature (hr), mean (SD) 44+1.6
AED, n (%) 47 (52)
Electroclinical seizures, n (%) 16 (18)
Clinical seizures, n (%) 29 (32)
Electrographic seizures only, n (%) 18 (20)
Encephalopathy score, median (IQR) 5 (4-6)
Inotrope infusion, n (%) 32 (35)
Cardiovascular dysfunction score >= 10 n (%) 13(14.6)

AED Anti-epileptic drugs, SD standard deviation, /QR Interquartile range.

Normal MRI Abnormal MRI p value
49 40

31 (63.2) 25(62.5) 0.94
396+14 393+1.2 0.33
3393 +520 3277 £ 501 0.29
23 (46.9) 28(70) 0.03
1(1-3) 1(1-3) 0.72

5 (3-6) 4 (3-6) 0.59
6.98+0.14 7.00+0.18 0.61
78+4.9 12.73+£6.2 <0.0001
43+1.8 45+18 0.61
17 (34.6) 30(75) 0.0002
5(10.2) 11(27.5) 0.03
13 (26.5) 16(40) 0.17

2 (4) 16(40) <0.0001
4 (3-5) 5 (4-6) 0.002
13 (26) 19(48) 0.02
6(12) 7(17.5) 0.58

Chi-square/Fischer exact test (categorical data) Student t test (continuous/ordinal data).
Abnormal MRI includes: Watershed-predominant pattern, Basal ganglia-predominant pattern, Mixed pattern of brain injury and focal injury.

focal infarcts at all time points. At baseline (12 h) HRV measures
were suppressed in infants with basal ganglia pattern [LFnu 80.1 £
4.8 (p=0.99), SDNN 9.7 £3.6 msecs (p =0.69), RMSSD 7.02+2.7
msecs (p=0.71), SD1 49+1.9 msecs (p=0.68), SD2 12.8+4.9
msecs (p=0.81), CVl 1.6+ 04 (p=0.85), CSI 2.8+0.2 (p = 0.99)]
and infants with mixed pattern [LFnu 57.1+11.9 (p = 0.19), SDNN
34+ 1.4 msecs (p=0.02), RMSSD 4.2 + 1.3 msecs (p =0.07), SD1
2.9+0.9 msecs (p =0.07), SD2 3.9+ 1.9 msecs (p =0.01), CVI 0.8 +
0.3 (p=0.03), CSI 1.1 £0.2 (p = 0.005)] but similar in infants with
focal infarcts [LFnu 74.2+13.4 (p =0.09), SDNN 27.2 + 5.9 msecs
(p=0.77), RMSSD 24.8 + 5.7 msecs (p = 0.36), SD1 17.5 £ 4.1 msecs
(p=10.36), SD2 34+ 7.4 msecs (p=0.86), CVI 2.5+0.3 (p=0.51),
CSI12.1£0.2 (p = 0.99)] compared to infants with normal brain MRI
[LFnu 78.4 £ 2.5, SDNN 16.7 + 2.2 msecs, RMSSD 12.9 + 1.7 msecs,
SD1 9.13 £1.2 msecs, SD2 21.7 £3.03 msecs, CVI 2.1 £0.2, CSI 2.4
+0.2]. Compared to infants with Normal MRI had significantly
higher HFnu [21.5 £ 2.5] than infants with mixed pattern injury
[HFnu 42.1+£11.5 (p=0.2)]. Moreover, neonates with mixed
pattern injury had significantly lower mean SD2, SDNN, CSI and
CVl values at all timepoints in the first 48 h of life than infants with
Normal MRI (Fig. 2). Mixed pattern injury group also had
significantly lower LFnu and higher HFnu compared to Normal
MRI group beyond 30h of life. Infants with basal-ganglia
predominant injury had lower SDNN, RMSSD, SD1, SD2 values
than infants with Normal MRI especially in the first 12-30 h of life,
but the difference was not statistically significant.

Association of brain injury subtype and HRV trajectory
adjusted for clinical covariates

The goal of mixed effect modeling was to determine the effect of
brain injury subtype on individual HRV metric while adjusting for
postnatal age and relevant clinical covariates. The clinical
covariates that significantly improved the model were encephalo-
pathy score at 0-24 h postnatal age, cardiovascular dysfunction
score at 0-48h postnatal age, and exposure to anti-epileptic
drugs. After accounting for these clinical covariates, there was a
significant effect of brain injury subtype on individual HRV metrics.
Posthoc analyses indicated that at any given timepoint neonates
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with mixed pattern of brain injury exhibited lower SDNN (8 =
—0.38, p <0.001), RMSSD (B = —0.25, p=0.02), LFnu (B = — 0.13,
p<0.001), CVI (B =—0.67, p<0.001), CSI (B=— 0.77, p=0.003)
and higher HFnu (3 = 0.26, p = 0.001) compared to neonates with
normal brain MRI. Similarly, neonates with watershed predomi-
nant pattern of injury exhibited significantly lower SDNN ( =
—0.78, p=0.08), RMSSD (B =—0.63, p=0.04), LFnu (8= —0.16,
p=0.11), CVI (3 = —1.42, p = 0.009), CSI (B = —0.91, p =0.23) and
higher HFnu (B =0.34, p=0.14) compared to neonates with
normal brain MRI (Table 3, Supplementary Table 1). The model did
not improve with addition of interaction term for brain injury
subtype with postnatal age and thus was omitted from the final
model. Lack of significant interaction with postnatal age indicates
that the pattern of change in each HRV metric over the first 48 h of
life was similar in all brain injury subtype. There was noted to be
transient decrease in SDNN, RMSSD, SD1, SD2, CVI in the first 30 h
followed by a subsequent increase upto 48 h (Supplementary
Table 1, Supplementary Fig. 1). On the contrary, the frequency
domain measures (LFnu, HFnu) and CSI remained unchanged
over time.

Visual interpretation of Poincaré maps

Cardiac dynamics can be visually compared by the topography of
Poincaré maps between infants with different brain injury
subtypes. Figure 3 demonstrates Poincaré maps derived from a
single time-epoch of four patients with different brain injury
patterns. Mixed pattern of brain injury was characterized by both
low SD1 and SD2 represented by a “tight cluster”. Basal ganglia
pattern was found to have low SD1 depicted as a “cigar-shaped”
pattern. Infants with normal brain MRI or focal injury were noted
to have high SD1 and SD2 generating a “comet-shaped” pattern.

DISCUSSION

The current study illustrates an association between the degree of
autonomic impairment during hypothermia therapy and the
pattern of hypoxic-ischemic brain injury on MRI. Early treatment
decisions in neonatal encephalopathy after perinatal hypoxic-
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Table 2. Comparison of HRV metrics at specific timepoints between normal and abnormal MRI groups.

Age of life HRV Metrics Normal MRI Abnormal MRI p value

(hours) No. of subjects 15 16

12 SDNN (ms) 15 (11-23) 9.1 (2.7-24.2) 0.31
RMSSD (ms) 11.2 (8.9-18.5) 7.7 (3.5-25.3) 0.55
SD1 7.9 (6.3-13) 5.5 (2.5-17.9) 0.55
SD2 19.8 (14.2-28.9) 11.7 (3.5-29) 0.28
(@Y]] 2.1 (2-2.55) 1.8 (0.9-2.7) 0.44
(& 2.3(2-3.1) 2 (1.4-2.6) 0.14
LFnu 79 (72-85) 71.3 (63-83) 0.28
HFnu 20.1 (15.2-27.3) 28.5 (16.3-36.4) 0.29
No. of subjects 29 24

18 SDNN (ms) 14 (7.5-17.3) 4.8 (2.7-14.8) 0.01
RMSSD (ms) 9.2 (4.9-18) 4.2 (3-8) 0.01
SD1 6.5 (3.4-12.9) 3 (2.1-5.7) 0.01
SD2 18.8 (10.1-23) 6.1 (2.8-19.4) 0.01
cvi 2.1 (1.5-2.3) 1.25 (0.9-2.1) 0.009
(& 2.5 (1.6-3) 1.7 (1.3-24) 0.09
LFnu 82.4 (68.1-86) 80.1 (68-83) 0.55
HFnu 17.5 (14-31.8) 19.8 (16.7-31.7) 0.55
No. of subjects 45 33

24 SDNN (ms) 12 (6.9-19.1) 4.4 (2.3-9.2) 0.002
RMSSD (ms) 9.1 (4.3-11.5) 4 (2.9-7.4) 0.004
SD1 6.5 (3-8.1) 2.8 (2.1-5.3) 0.004
SD2 15 (9.3-25.2) 46 (2.2-12.7) 0.002
(@Y]] 2.0 (1.5-2.3) 1.2 (0.7-1.6) 0.002
(&) 24 (1.8-3.1) 1.8 (1.2-2.3) 0.03
LFnu 82.7 (69-87) 74.8 (60.3-87.5) 0.25
HFnu 17.2 (12-30.1) 25.1 (12.5-39.5) 0.26
No. of subjects 46 35

30 SDNN (ms) 10 (6-16) 4.8 (2.8-10.6) 0.002
RMSSD (ms) 6.5 (4.3-11.8) 4.5 (3.2-7.4) 0.02
SD1 4.6 (3.2-8.4) 3.2 (2.3-5.3) 0.02
SD2 13.6 (7.9-21.4) 5.7 (2.5-14.1) 0.001
(@Y]] 1.7 (1.4-2.3) 1.2 (0.9-1.8) 0.004
(& 24 (2-3.2) 1.6 (1-2.7) 0.001
LFnu 82.1 (73-89) 76 (52-85) 0.04
HFnu 17.7 (10-26) 23.1 (14.1-47.1) 0.04
No. of subjects 49 38

36 SDNN (ms) 10.2 (6.2-13.7) 5.9(1.9-11.5) 0.007
RMSSD (ms) 7 (4.8-10.6) 4.4 (2.7-9.6) 0.05
SD1 5.0 (3.4-7.5) 3.1 (1.9-6.8) 0.05
SD2 13.2 (7.8-16.6) 6.2 (1.9-14.4) 0.003
(@Y]] 1.8 (1.4-2.1) 1.4 (0.6-2) 0.01
(&) 2.5 (1.9-3) 1.6 (1.2-24) <0.001
LFnu 83 (74-87) 75 (58-81) 0.006
HFnu 17 (13-25) 25 (18-41) 0.007
No. of subjects 49 38

42 SDNN (ms) 11.6 (7.1-18.7) 7.8 (4-14.5) 0.02
RMSSD (ms) 8 (5.2-15.5) 5.7 (3.9-11.7) 0.11
SD1 5.7 (3.7-10.9) 4.1 (2.7-8.3) 0.11
SD2 15 (9.4-24.2) 10.3 (3.9-18.1) 0.02
(@Y]] 1.9 (1.5-2.4) 1.6 (1.2-2.2) 0.03
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Table 2. continued

Age of life HRV Metrics Normal MRI Abnormal MRI p value
(@] 2.3 (1.8-2.9) 1.8 (1.2-2.5) 0.009
LFnu 80.1 (73-88) 79 (61-83) 0.09
HFnu 19.8 (11.5-26.8) 20.9 (16.2-38.1) 0.09
No. of subjects 48 38

48 SDNN (ms) 12.8 (7.6-22.1) 6.4 (4.9-14.6) 0.006
RMSSD (ms) 9.5 (6-18) 6.9 (3.8-15.6) 0.07
SD1 6.7 (4.2-12.8) 4.9 (2.7-11.1) 0.07
SD2 16.8 (10.1-29.4) 7.8 (5.3-18.8) 0.003
CvI 2.0 (1.7-2.6) 1.6 (1.1-2.3) 0.009
(@] 2.3 (1.9-2.8) 1.9 (1.2-2.5) 0.007
LFnu 81.7 (74-86) 75.8 (60.5-85.3) 0.11
HFnu 18.2 (13-25.7) 24.1 (14.5-38.9) 0.11

Median (Interquartile range). Mann-Whitney U test.

SDNN Standard deviation of RR intervals, RMSSD Root-mean-square difference between adjacent RR intervals, LF Low frequency, HF High frequency.
Abnormal MRI includes: Watershed-predominant pattern, Basal ganglia-predominant pattern, Mixed pattern of brain injury and focal injury.

ischemic insult are primarily based on the knowledge of clinical
outcomes and their association with severity of the encephalo-
pathy. A biomarker that facilitates prognostication before and
during hypothermia therapy would help tailor neuroprotective
therapies according to an individual’s biological profile and
treatment response. This exploratory study demonstrates the
promise of characterizing disease heterogeneity by providing
some insight into the autonomic functional state. It is well known
that basal ganglia and thalamic injury predicts poor neuromotor
outcomes, while cortical watershed-type injuries relate to school-
aged cognitive deficits and learning disabilities®. However, MRI
after completion of hypothermia is a static indication of the
response to hypothermia therapy in an isolated timeframe. Our
results suggest assessment of HRV in neonates undergoing
hypothermia may help differentiate the subcohort that may have
watershed or mixed pattern of brain injury from minor brain
injuries earlier than routine clinical MRI.

A differential autonomic response was noted between the
group of neonates who progressed to abnormal brain MRI
compared to neonates with normal brain MRI beyond 18 h of
life. The neonates with an abnormal brain MRI showed
significantly lower overall variability (SDNN, SD2) and beat-to-
beat variance (RMSSD, SD1). Furthermore, neonates with abnor-
mal brain MRI had lower LF flucutations and higher HF fluctuations
between 30-36 h of life. The negative correlation between HRV
measures and severity of brain injury is consistent with previous
studies® '3, Whether assessed at one week of life® or at any point
within the first 72 h?>3°, lower LF/HF ratio has been consistently
associated with severe encephalopathy and adverse neurodeve-
lopmental outcomes. Compared to previous studies which
assessed HRV sampling at single timepoints, our study quantifies
autonomic dysfunction at multiple timepoints longitudinally in the
context of the evolving process of brain injury. Although the
neonates with abnormal brain MRI were clinically more sick and
likely to have seizures than neonates with normal brain MRI, none
of the HRV measures were significantly different at 12 h of life
between the two groups. This finding suggests that single time
point assessment of especially in the first 12h-18h of life may be
unable to differentiate neonates with abnormal brain MRI from
normal brain MRI.

Within the group of neonates with abnormal brain MRI, the
most severe dampening of HRV measures was observed with
watershed predominant pattern and mixed pattern of injury
even after adjustment for severity of encephalopathy, cardiac
dysfunction and exposure to anti-seizure medications, suggesting

Pediatric Research (2022) 92:1630-1639

that substantial white matter injury may independently contribute
to autonomic impairment. Neonates with basal ganglia predomi-
nant pattern were characterized by higher HRV measures than
mixed/watershed predominant injury but lower than the neonates
with normal brain MRI or focal injury. Contrary to our findings,
Metzler et al. found that neonates with watershed predominant
pattern in their study had less severe HRV suppression than
predominant basal-ganglia injury/global injury'?. This difference
may be explained by the differences in classification of neonates
into brain injury groups between the two studies. We considered
predominant deep gray matter injury and mixed pattern injury as
separate groups while Metzler et al. classified them deep gray
injury with global injury neonates in the same group while
considering death as a separate group. Studies using fMRI in
humans and animal studies has reported that the critical sites in
the cerebral cortex may be involved in autonomic control®".
Complex interconnections within the central autonomic network,
which includes the insular cortex, anterior cingulate cortex,
prefrontal cortex, amygdala, hypothalamus, and corresponding
projections to the brain stem influencing vagal and sympathetic
preganglionic neurons drives cardiovascular modulation®2. This
network is well developed at term gestation with evidence of
lateralization in central autonomic control>>>*, Right insular cortex
injury is believed to result in decreased activity in the right
sympathetic chain, same baroreceptor sensitivity but lower
operating blood pressure, prolonged QT interval, decreased HRV
or contralateral unbalanced parasympathetic overactivity with risk
of bradyarrhythmia and asystole. On the otherhand, left insular
cortex injury results in decreased parasympathetic output from
the brain, decreased activity in the left sympathetic chain,
decreased baroreceptor sensitivity, decreased cardiac function
and contralateral unbalanced sympathetic overactivity®”. It is likely
that acute hypoxic injury to the parasagittal white matter and
subcortical structures might compromise these functional con-
nections indicating a possible mechanistic link.

Frequency domain HRV measures in relation to hypoxic-
ischemic brain injury have been extensively studied™®'"'3,
Interestingly, this study demonstrates that at early time points
12-24 h, the dampening of time domain measures (SDNN/RMSSD)
and SD1, SD2 in neonates with significant brain injury was
statistically significant rather than the frequency domain measures
(LFnu, HFnu). Previously, Goulding et al. reported that HRV
features were most predictive of a normal outcome at 24h
(SDNN, LF) and abnormal neurological outcome at 48 h (SDNN,
HF)'. The best predictive performance of LF and HF power in
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Fig. 2 Mean (SEM) of common HRV metrics in the first 48 h of life in infants with different subtypes of brain injury (color coded).
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moderately depressed short-term (RMSSD, SD1) and overall variability (SDNN, SD2) at all timepoints compared to infants with normal MRI or
focal infarct. There were no significant differences in the temporal trends of frequency domain HRV measures between the groups.
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Table 3. Summary of the multivariable mixed effects model showing the effect of the pattern of brain injury on mean HRV metrics on average over

the first 48 h.

Watershed predominant

Basal ganglia predominant

(HRV measure in brain injury type/HRV measure in Normal MRI) at any given postnatal age

SDNN 0.63 (0.45-0.88)* 0.86 (0.69-1.08)
RMSSD 0.74 (0.52-1.04) 0.93 (0.74-1.17)
LFnu 0.89 (0.80-1.00)* 0.97 (0.91-1.04)
HFnu 1.32 (0.81-1.72)* 1.15 (0.97-1.36)
SD1 0.74 (0.55-1.00) 0.94 (0.76-1.17)
SD2 0.59 (0.42-0.83)* 0.83 (0.67-1.06)
Cvi 0.44 (0.22-0.85)* 0.78 (0.50-1.23)
csl 0.43 (0.19-0.94)* 0.65 (0.38-1.1)

Mixed Pattern Focal Injury

0.64 (0.52-0.80)** 1.01 (0.86-1.19)
0.75 (0.60-0.93)* 1.01 (0.85-1.19)
0.85 (0.80-0.91)** 1.03 (0.97-1.08)
1.32 (1.12-1.55)** 0.93 (0.82-1.06)
0.76 (0.61-0.93)* 1.01 (0.86-1.19)
0.59 (0.48-0.75)** 1.02 (0.86-1.21)
0.45 (0.29-0.69)** 1.03 (0.73-1.44)
0.44 (0.27-0.71)* 1.06 (0.71-1.58)

The effect on each metric is expressed as the ratio of the mean value for the particular brain injury pattern over the normal MRI, calculated by exponentiating
the beta coefficient estimate from the fitted model. 95% Confidence Intervals are also shown. Values less than 1 indicate suppression of variability metric and

value larger than 1 indicates increased in variability metric.
*p value < 0.05, **p value < 0.001.

Adjusted for cardiac dysfunction score, encephalopathy score at 24 h, exposure to anti-epileptic drugs.

Normal brain MRI as reference.

differentiating normal from abnormal neurodevelopmental out-
comes is around 24 h'". Using SD1,SD2 or derived measures (CVI,
CSI) may have some technical advantages over frequency domain
and time domain measures. Firstly, mild changes in the short-term
cardiac sympathetic (CSI) and parasympathetic (CVI) function can
be assessed simultaneously and separately. Secondly, smaller
epochs (<2 min) are sufficient for calculation of SD1 and SD2. The
strong correlation between SD1-RMSSD pair and SD2-SDNN pair
seen in our study further suggests that SD1/SD2 can be used as an
alternative to time domain metrics. Time domain metrics are
preferably measured over 24 h time epochs of ECG recordings and
require standardization of time-epoch lengths to ensure compar-
ability between patients. Lastly changes can be interpreted
visually at bedside by Poincaré plots, which provides both
summary and detailed beat-to-beat information. Superiority of
Poincaré plots in yielding more reliable indices compared to
frequency domain measures have been previously documented?®.,
This raises the exciting possibility of using short-term moving
window Poincaré plot to develop ECG-based monitoring tool for
longitudinal bedside assessment of autonomic functional state.

Prior studies have suggested that abnormal neurodevelop-
mental outcome after hypoxic-ischemic brain injury is associated
with increased parasympathetic and decreased sympathetic
activity”'". This has been attributed to (i) a protective role of
preserved sympathetic activity following hypoxic injury in main-
taining adequate systemic blood pressure and cerebral perfusion;
or (ii) more extensive subcortical brain injury might inhibit
sympathetic activity. Our results indicate that significant white
matter injury was associated with both suppressed CVI and CSI
suggestive of global suppression of both arms of the autonomic
system rather that the typical theoretical expectations of
“increased parasympathetic activity”. Goulding et al. also found
that severe encephalopathy had both reduced HF and LF power,
implying a reduction in overall autonomic function'®. This study
highlights the need for a shift in the understanding of autonomic
responses following hypoxic-ischemic brain insult, because a
simple reciprocal relationship between the sympathetic and
parasympathetic activity may not hold true in this cohort. Global
autonomic suppression may signify poor responsiveness to
regulatory mechanisms and decreased adaptability to stress.

An ideal real-time monitoring modality must be capable of
identifying critical phases in the disease evolution and response to
intervention. Our data demonstrates a trend towards transient
decrease in time domain HRV measures followed by subsequent
increase with a nadir at 30 h, suggesting that these measures may
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be potential markers to follow disease evolution. This pattern is
consistent across all infants irrespective of the brain injury
subtype. The initial decrease in HRV may correspond to early
incremental cerebral edema and increasing intracranial pressure>®.
A subsequent increase in HRV may reflect recovery of cerebral
function possibly related to the neuroprotective effects of
hypothermia. These findings reiterates Massaro et al’s previous
suggestion that profound reduction in HRV around 24h may
indicate failure of hypothermia therapy to prevent secondary
brain injury'". Clinical validity of using longitudinal changes in HRV
measures in the context of evolving brain injury will need to be
further explored.

The strengths of this study includes generalizability due to a
pragmatic approach taken to identify study cohort using uniform
hypothermia protocol. This study was limited by the lack of a
control group. Normative standards of HRV values in the first 24 h
of life for healthy term infants have been recently published®’. The
mean HRV measures in neonates with normal brain MRI or focal
injury were similar and only slightly lower than the normative
standards, which might be ascribed to the effect of hypothermia
known to suppress HRV>®. Therefore, neonates who have HRV
preserved during hypothermia are most likely to have minimal
residual brain injury. Absence of data prior to 12h and small
sample size at 12 h restricts our ability to make robust inferences
at early timepoint. The study was conducted in a outborn center
and all subjects were transferred to the tertiary care unit prior to
initiation of monitoring. While seizure is known to have a complex
interaction with HRV?, the true effect on various HRV parameters
are unknown. We excluded time epochs that had electrographic
seizures in the simulataneously recorded EEG signals and multi-
variate models were adjusted for exposure to antiseizure
medication. However, it is not enough to control for administra-
tion of anti-seizure medications, which typically have long half-
lives and drug levels were not measured. We also acknowledge
that the sample size was limited in the watershed group, and thus
caution is warranted in the comparison of watershed injury to
other brain injury subtypes, which had a higher N. Lastly, we have
not accounted for respiratory oscillations from spontaneouslg/
breathing versus mechanical ventilation rate on RRi analysis>®.
Further studies intending to validate the use of Poincaré analysis
at the bedside will need to account for the oscillations originating
from the ventilator-assisted breathing. We also acknowledge that
a small proportion of neonates in this cohort (16%) were scanned
on 1.5T (rest 3T). The reasons for doing so were random such as
need for scanning on weekend and not related to the acuity of the
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infant’s medical condition. This difference is unlikely to affect the
overall qualitative Barkovich scoring reported in this manuscript™°.
3T has higher signal-to-noise ratio than 1.5T and even the mean
differences in quantitative measures are small (mean difference in
MD estimated at 1.2%)". Hence, the difference in magnetic field
strength of the scanner was unlikely to have a substantial impact
or bias on the study findings.

HRV monitoring during hypothermia provides early insights into
the brain injury patterns in neonates undergoing therapeutic
hypothermia. HRV metrics may potentially serve to identify
neonates in need for adjuvant neuroprotective therapies. Neonates
who progressed to have significant brain injury involving both
watershed regions with or without deep gray matter injury
demonstrated global autonomic dysfunction. Collectively, these
data provides the preliminary foundation to explore the use of HRV
metrics to optimize risk stratification and treatment. Our findings

SPRINGER NATURE

provides impetus for future research to better understand the role
of dysautonomia in the pathogenesis of secondary brain injury.
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