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Abstract

Introduction: This study evaluated the association between fetal heart rate variability
(HRV) and the occurrence of hypoxic-ischemic encephalopathy in a fetal sheep model.
Material and methods: The experimental protocol created a hypoxic condition with
repeated cord occlusions in three phases (A, B, C) to achieve acidosis to pH <7.00.
Hemodynamic, gasometric and HRV parameters were analyzed during the protocol,
and the fetal brain, brainstem and spinal cord were assessed histopathologically 48 h
later. Associations between the various parameters and neural injury were compared
between phases A, B and C using Spearman's rho test.

Results: Acute anoxic-ischemic brain lesions in all regions was present in 7/9 fetuses,
and specific neural injury was observed in 3/9 fetuses. The number of brainstem le-
sions correlated significantly and inversely with the HRV fetal stress index (r = -0.784;
p = 0.021) in phase C and with HRV long-term variability (r = -0.677; p = 0.045) and
short-term variability (r = -0.837; p = 0.005) in phase B. The number of neurological
lesions did not correlate significantly with other markers of HRV.

Conclusions: Neural injury caused by severe hypoxia was associated with HRV
changes; in particular, brainstem damage was associated with changes in fetal-specific
HRV markers.

KEYWORDS
autonomic nervous system, fetal heart rate, heart rate variability, intrapartum hypoxic-
ischemia, neural injury, umbilical cord compression

Abbreviations: ECG, electrocardiography; FHR, fetal heart rate; FSI, fetal stress index; HFs, high frequencies; HIE, hypoxic-ischemic encephalopathy; HRV, heart rate variability; LFs, low

frequencies; LTV, long-term variability; MAP, mean arterial blood pressure; PCO,, partial pressure of carbon dioxide; PO,, partial pressure of oxygen; RMSSD, root mean square of
successive differences between adjacent RR intervals; SDNN, standard deviation of the normal-to-normal RR interval; STV, short-term variability; UCOs, umbilical cord occlusions.
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1 | INTRODUCTION

In developed countries, 30% of neonatal encephalopathy cases are
associated with evidence of intrapartum hypoxic-ischemic encepha-
lopathy (HIE).! Despite concerted efforts to improve the identifica-
tion of intrapartum fetal hypoxia, no standard clinical technique is
currently in use, and techniques such as cardiotocography analysis,
computerized fetal heart rate (FHR) analysis, ST analysis and fetal
blood sampling are inadequate for predicting HIE.>® Graham et al.
found that abnormalities during the last hour of FHR monitoring
before delivery were poor predictors of neonatal HIE, with an area
under the receiver-operating characteristic curve of 0.68 for total
decelerations.* A large, unmasked, randomized controlled trial (the
INFANT trial) reported no significant developmental differences at
the 2-year assessment between the use of computerized FHR in-
terpretation during labor and visual analysis.®> Similarly, Ruth et al.
showed that fetal acid-base status did not correlate with the risk of
HIE and poor perinatal brain damage prediction by umbilical cord
arterial pH.® More recent studies have confirmed that pH is a poor
predictor of the long-term outcome after perinatal asphyxia.®™

The intrapartum assessment of fetal hypoxic ischemia remains
an important challenge in perinatal medicine, in which the aim is to
screen for at-risk neonates and to prevent HIE during labor. One
current approach is the analysis of the autonomic nervous system
activity, which plays a major role in fetal homeostasis and which in-
fluences the FHR. Heart rate is regulated continuously by the ac-
tion of the sympathetic and parasympathetic nervous systems on
the sinoatrial node. Fetal heart rate variability (HRV) assesses the
variations in time interval between two heartbeats (RR interval)
and reflects autonomic nervous system activity. Several HRV indi-
ces are based on either time or spectral analysis of the RR intervals
identified with fetal electrocardiography (ECG).” Time-domain anal-
ysis includes indices such as the standard deviation of the normal-
to-normal RR interval (SDNN), the root mean square of successive
differences between adjacent RR intervals (RMSSD), or short-term
and long-term variability (STV and LTV, respectively); the latter was
developed specifically for fetal HRV analysis.'° Frequency (or spec-
tral) HRV analysis can distinguish several frequency domains: very
low frequencies reflecting thermoregulation and endocrine activity,
low frequencies (LFs) reflecting sympathetic and parasympathetic
activities associated with the baroreflex, and high frequencies (HFs)
specifically linked to parasympathetic activity.!%*?

Our team developed the fetal stress index (FSI) based on an orig-
inal HRV analysis method!! that combined time and spectral anal-
ysis.10 In previous experimental studies using a model of repeated
cord occlusion in fetal sheep, we demonstrated that this index was
related to variations in parasympathetic activity'! and correlated
with acid-base status.'® Such a biomarker may constitute a new
pathway for evaluating fetal well-being during labor.**

HRV is also a promising tool for predicting early neural injury. An
association between abnormal HRV and brain impairment has been
reported in the perinatal period, although the data remain incom-
plete.r® Direct subcortical or brainstem injury leading to autonomic

Key message

Fetal heart rate variability markers correlated with brain-
stem injury induced by an experimental umbilical cord oc-

clusion model in fetal sheep.

dysfunction is one possible pathophysiological mechanism,*® and
data from animal models support this hypothesis.'” Considering this
association, HRV has been also suggested as a possible marker of
neural injury in HIE following perinatal asphyxia.*®

The main objective of our study was to evaluate the associations
between HRV biomarkers and the occurrence of HIE in a fetal sheep
model. The secondary objective was to evaluate the associations be-
tween hemodynamic and gasometric biomarkers and the occurrence
of HIE.

2 | MATERIAL AND METHODS
2.1 | Surgical preparation

Near-term pregnant sheep (breed “lle de France” INRA) with a ges-
tational age of 124 + 1 days (term = 145 days) underwent our previ-
ously described surgical pror:edure.13’19'20 Ewes were anesthetized
by a vascular infusion of 500 ml of Ringer's lactate, followed by pre-
medication with 0.3 ml intravenous Sedaxylan (xylazine 20 mg/ml,
Dechra). The ewes were induced with 5% isoflurane before intuba-
tion, and anesthesia was maintained with 2% isoflurane. A midline
abdominal incision was made to expose the uterus, and the fetus
was partially exteriorized for instrumentation. Two catheters (4 Fr
diameter, Arrow) were placed in the fetal axillary arteries, one on
each side. The first was used for continuous arterial blood pressure
measurement and the other for arterial blood sampling. Four ECG
electrodes (Mywire 10, Maquet) were placed on the fetal intercos-
tal muscles to record fetal ECG. An additional catheter was placed
within the amniotic sac to measure pressure within the amniotic
space. An inflatable silicone occluder (OC16; In Vivo Metric) was
placed around the umbilical cord, and the volume of saline solution
required to achieve complete occlusion was recorded. If a ewe had
multiple fetuses, only one was instrumented and included in the
experiment. The twin that was easier to access during surgery was

chosen to avoid twisting the uterus.

2.2 | Experimental protocol

Ewes were acclimatized to the experiment room for 1 h daily in the
presence of the primary investigators. The experimental protocol
began 4 days after the surgery. Fetal arterial catheters and the intra-
amniotic catheter were connected to pressure sensors (Pressure
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Monitoring Kit) connected to a multiparametric monitor (Monitor
Merlin, Hewlett Packard). Arterial blood pressure was measured
from the blood pressure phasic signal and referenced to the intra-
amniotic pressure. ECG electrodes were connected to the multipar-
ametric monitor. Hemodynamic data were recorded continuously
throughout the experiment.

After a 1-h baseline period, repetitive umbilical cord occlusions
(UCOs) were performed by injecting an isotonic solution into the oc-
cluder to obtain a total occlusion for 1 min (Figure S1). The protocol
was divided into three 1-h periods, as described by Prout et al.?! ucos
were repeated every 5 min during the first phase (phase A), every 3
min during the second phase (phase B) and every 2 min during the third
phase (phase C). During the baseline period and at the end of each
UCO phase, the HRV markers and gasometric parameters were re-
corded during a 5-min period with no UCO. The protocol was stopped
if the pH reached <6.90 to avoid fetal death during the protocol.

Euthanasia was administered at the end of the experimental
procedure, 2 days after or, in cases of in utero fetal death or death,
during surgery. Euthanasia was performed by intravenous injection
of 6 ml/50 kg of Té61 (1 ml containing embutramide 200 mg + me-
bezonium 26.92 mg + tetracaine 4.39 mg, MSD). The fetal brain,
brainstem and spinal cord were extracted and fixed immediately in
4% neutrally buffered formalin.

Blood samples were taken from the arterial catheter 1 min after
the end of the last UCO of each phase (A, B and C). Gasometric
parameters were then measured using an iSTAT1 blood analyzer
(iSTAT1 System, Abbott Point of Care Inc.) using CG4+ cartridges.
FHR, mean arterial blood pressure (MAP) and mean intra-amniotic
pressure were read from the multiparametric scope at the same
time. MAP was corrected by subtracting the intra-amniotic pressure
as follows: corrected MAP = observed MAP - observed mean intra-
amniotic pressure. We also recorded the MAP and FHR nadir during

the last occlusion of each phase.

2.3 | HRV markers

Our team has reported on the autonomic response to fetal acidosis
through HRV analysis in a fetal sheep model.*¥1%20 |n those studies,
we focused on the most common HRV indexes as well as on two
markers used for fetal monitoring in clinical practice.?’ We also de-
veloped a specific algorithm to analyze the fetal parasympathetic
activity.”” To use similar methodology, we used the same indexes
in this study. The details of ECG signal processing and HRV indexes
computation are described below.

ECG analysis for fetal RR series computation was conducted
offline using an automatic R-wave detection algorithm.?? RR se-
ries artifacts were detected automatically and replaced by linear
interpolation using a specific RR series filtering algorithm.?® This
patented filtering algorithm is already implemented in HRV analysis
medical devices used in neonates (NIPE Monitor, MDoloris Medical
Systems) and during surgery (ANI Monitor, MDoloris Medical
Systems), and its ability to detect and replace any erroneous samples

with high accuracy has been established. RMSSD and SDNN were
computed over 540 RR intervals (ie ~3 min, considering a basal FHR
of 180 bpm). RMSSD is related to parasympathetic nervous system
activity, whereas SDNN evaluates autonomic nervous system global
activity.1©

We also investigated the STV and LTV. STV was computed for 1
min after a 4-Hz resampling of the RR series and was defined as the
mean absolute difference between successive 3.75 s of averaged RR
interval epochs >1 min (ie 16 epochs). LTV represents the difference
between the maximum and minimum of the 16 epochs. The RR se-
ries was isolated in a 64-s moving window and resampled at 8 Hz.
Spectral HRV analyses were performed using a four-coefficient
Daubechies wavelet transform. We then computed the LF compo-
nent, which corresponds to the spectral power from 0.04 to 0.15 Hz.
We also computed the HF component, which corresponds to the
spectral power >0.15 Hz.

We developed a specific HRV marker. FSI, which reflects relative
parasympathetic activity, has been described previously.2>?* The RR
series was isolated in a 64-s moving window and was resampled at

8 Hz. The mean value (M) was computed as follows:

where RR; represents the RR sample values and N represents the num-
ber of samples in the window. M is then subtracted from each sample

of the window as: RR; =(RR; - M). The norm value (S) was then calcu-

N
5= 3 (RR))”,
i=1

and eachRR! was divided by S to yieldRR}' =RR! / S. The normalized RR"
series was then high-pass filtered at >0.15 Hz using a four-coefficient

lated as follows:

Daubechies wavelet-based filter to keep only HF oscillations.

The magnitude of these oscillations was then computed as the
area between the local maximum envelope and the local minimum
envelope (Figure S2). To increase the time sensitivity, the envelope
was divided in four 16-s subareas, A1, A2, A3 and A4. AUC_, was
computed as the minimum value of A1, A2, A3 and A4, and FSI was
defined as FSI = 100 x (5.1 x AUC_ ;. + 1.2)/12.8 to obtain a value
between 0 and 100.

STV, LTV, HF, LF and FSI were computed every second and av-
eraged over a 176-s period to eliminate the inter-window variability.
HRV markers were evaluated at the end of each 5-min stable period
(ie with no UCO) between phases A, B and C. Before performing the
HRV analysis, RR series quality was checked visually for these three
periods to verify the absence of remaining artifacts and that <25%
of the original RR series was modified by the RR series artifact-
filtering algorithm. For RR series that failed the visual check, we used
the continuous invasive arterial blood pressure signal for RR series
construction and HRV analysis. If an artifact remained, the record
was excluded from the analysis.
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To avoid including outlying FHR values resulting from the last
UCO, the beginning of these stable periods was not analyzed for
HRV parameter estimation. Within these stable periods, SDNN and
RMSSD were computed between t = 2 minand t =5 min. STV, LTV,
HF, LF and FSI were computed for 4 min (64 s + 176 s) between
t=60sandt=>5min.

2.4 | Tissue analysis

Entire fetal brain and spinal cord were extracted and fixed immedi-
ately in 4% neutrally buffered formalin. After 1 month in 4% buff-
ered formalin, the cerebrum was separated from the brainstem and
the cerebellum. Each part was cut into slices of 3-4 mm, and each
slice was embedded in paraffin, sectioned at 5 pm, and stained with
hematoxylin-eosin-saffron. All slides were screened and the maxi-
mum count of ischemic neurons on a field (0.30 mm?) was retained
in each area of interest: cortex (frontal, parietal, temporal, occipi-
tal, entorhinal), basal ganglia, hippocampus, brainstem and cerebel-
lum (cerebellar cortex and dentate nucleus). Ischemic neurons were
defined by shrinkage, eosinophilic or vacuolated cytoplasm, and
peripherally located hyperchromatic nuclei (Figure $3).2°"2? Two pa-
thologists counted the lesions independently. In cases of disagree-
ment, the slides were then reviewed collaboratively. The ischemic
neuron counts in each region were summed for a global acute
anoxic-ischemic lesion score. The pathologists were blind to the hy-

poxic status of the fetuses.

2.5 | Statistical analyses

Given the small sample size, only nonparametric statistical tests
were used. Numerical data are described as median (first and third
quartiles). Differences between occlusion phases A, B and C were
evaluated using a Friedman nonparametric test for repeated meas-
urements, followed by a Wilcoxon test when deemed significant.
Associations between biomarkers (hemodynamics, HRV and gaso-
metrics) and neurological lesions were assessed using marker values
after phases A, B and C to evaluate (i) the ability of markers to dis-
tinguish fetuses with or without neurological lesions and (ii) correla-
tions between markers and the number of neurological lesions using
Spearman's rho test. To consider the variability between fetuses, we
also investigated the correlations between the number of neurologi-
cal lesions and marker evolution between phases A and B and be-
tween phases B and C.

Each biomarker was compared in terms of the total neural in-
jury and the lesions in each brain region (basal ganglia, brainstem,
cerebellum, cortex and hippocampus). A p-value <0.05 was consid-
ered to be significant for the Spearmen rho test. For the Bonferroni
correction for multiple comparisons, a p-value <0.025 was consid-
ered to be significant for comparison between phases A, B and C.
Statistical analyses were performed using IBM SPSS Statistics (ver-
sion 20.0; IBM Corp.).

2.6 | Ethical approval

The anesthesia, surgical, and experimental protocols were consist-
ent with recommendations by the Ministry of Higher Education,
Research and Innovation, and the study was approved by the
Animal  Experimentation Ethics Committee, France (CEEA
#2016121312148878). This manuscript is compliant with the ARRIVE

h.30

guidelines for reporting animal researc| All methods were per-

formed in accordance with relevant guidelines and regulations.

3 | RESULTS

Fourteen pregnant sheep underwent the surgical procedure. Two fetuses
died during the first 2 days after surgery. Twelve fetuses underwent the
experimental procedure. Two experimental procedures were stopped
because of rupture of the occlusion balloon in one and per protocol
fetal death in the other. One fetus was later excluded because of severe
chronic neural injury that occurred before the protocol (laminar necrosis,
slit-like cavities in the deep cortical area, gliosis, and macrophage infiltra-
tion). Finally, nine experimental fetuses were analyzed, and HRV analysis
was performed using the ECG data for eight of these fetuses. Only one
fetus required analysis of the invasive blood pressure signal.

3.1 | Histological analysis

The two pathologists agreed about the analysis for 7/9 fetuses, and
only required collaborative reassessment. Acute anoxic-ischemic
neural injury was found in 7/9 fetuses. The brain regions with the
greatest number of lesions were, in descending order, the cerebral
cortex (115 lesions), basal ganglia (39 lesions), cerebellum (34 le-
sions), hippocampus (20 lesions) and brainstem (18 lesions) (Table
S1). In the hippocampus, all lesions were observed in the Ammon
horn. The average number of acute anoxic-ischemic neural inju-
ries per fetus was 25.1, with a minimum of O (two fetuses) and a
maximum of 83. Basal ganglia lesions were observed in 6/9 fetuses.

Brainstem lesions were observed in 3/9 fetuses.

3.2 | Gasometric parameters and neural injury

The pH decreased progressively from 7.28 (first to third quarter: 7.23-
7.35) after phase A to 7.10 (7.07-7.27) after phase B, and 6.98 (6.84-
7.08) after phase C (p = 0.001) (Table 1). Three of nine fetuses reached
a pH <6.90. By contrast, lactate concentration increased progressively
from 6.0 mmol/L (3.4-8.3) after phase A to 12.8 mmol/L (7.3-15.3)
after phase B, and 15.9 mmol/L (13.6-16.3) after phase C (p < 0.001).
The partial pressure of oxygen (PO,) did not differ between the three
phases and values were ~16 mmHg during each phase, indicating that
fetal oxygenation returned to the preocclusion level after the occluder
release. The partial pressure of carbon dioxide (PCO,) increased pro-
gressively from A to B to C: 50.6 mmHg (48.5-56.2), 54.0 mmHg
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Occlusion phase

TABLE 1 Comparison of
hemodynamics, gasometrics and heart

A(n=9) B(n=9) C(n=8) p? rate variability parameters in the different
occlusion phases (A, B and C) (Friedman +
HR (bpm) 178 (151-187) 189 (158-202) 175 (150-192) 0.687 Wilcoxon test)
MAP (mmHg) 58 (47-65) 62 (51-66) 64 (54-68) 0.239
HRocc (bpm) 90 (91-96) 82 (68-96) 79 (54-92) 0.368
MAPocc (mmHg) 56 (51-62) 54 (43-62) 37 (20-50)°¢ 0.004
pH 7.28(7.23-7.35)  7.10(7.07-7.27)° 6.98 (6.84-7.08)P¢ 0.001
PO, (mmHg) 16.0(11.5-17.0) 15.0(13.0-17.5) 16.5(13.5-18.8) 0.639
PCO, (mmHg) 50.6 (48.5-56.2) 54.0(52.5-63.1)° 64.9 (55.1-87.0)>¢ 0.002
BD (mmol /L) -3.0(-4.5t01.5) -11.0 (-15.0to -2.5)° -16.0(-19.8 to -14)>¢  <0.001
Lactate (mmol /L) 6.0 (3.4-8.3) 12.8 (7.3-15.3)° 15.9 (13.55-16.3)¢ <0.001
FSI 54.9 (46.8-70.5) 55 (47.3-67.8) 75.8 (66-80.2)"¢ 0.01
STV(ms) 3.34(2.97-5.42)  4.55(3.98-5.20) 4.35 (2.61-7.46) 0.197
LTV(ms) 35.3(29.3-44.2) 48.9(41.8-68.4) 45.8 (25.3-64.3) 0.197
SDNN 19.4 (16.0-20.6)  19.3(15.2-22.1) 19 (17.3-24.1) 0.607
RMSSD 13.1 (6.4-21.8) 12.8(12.1-16.9) 19.9 (16.4-24.6) 0.417
LF 0.14 (0.04-0.22) 0.13(0.07-0.21) 0.20(0.12-0.53) 0.687
HF 0.06 (0.02-0.13) 0.06 (0.04-0.12) 0.12 (0.08-0.27) 0.417

Note: Data are presented as median (1st-3rd quartile). Bold value indicates p < 0.025.

Abbreviations: BD, base deficit; FSI, Fetal Stress Index; HF, high frequency; HR, heart rate; LF, low
frequencies; LTV, long-term variability; MAP, mean arterial pressure; RMSSD, root mean square of
successive differences; SDNN, standard deviation of the normal-to-normal RR interval; STV, short-

term variability.

Statistical analysis: *Friedman test; Wilcoxon test; °P < 0.025 vs A; °P < 0.025 vs B.

(52.5-63.1) and 64.9 mmHg (55.1-87.0), respectively (p = 0.002), in-
dicating a respiratory component of the maximal fetal acidosis. Base
excess and lactate concentration increased significantly in phases A, B
and C (p < 0.001), indicating a predominant metabolic component to
the increasing acidosis across the phases.

PCO, correlated significantly with lesions in the cerebral cortex
and hippocampus in phase A (0.800, p = 0.010 and 0.685, p = 0.042,
respectively) and in phase B (0.741, p = 0.022 and 0.712, p = 0.032).
Lactate concentration correlated inversely with lesions in the cerebel-
lum in phase B (-0.756; p = 0.019). None of the gasometric parame-
ters correlated significantly with the number or type of total neural
injury, basal ganglia lesions or brainstem lesions in any phase (Table 2).
Comparisons between phases A and B and between phases B and
C confirmed the lack of correlation between the number of cerebral
lesions and pH, base deficit, and lactate concentration. By contrast,
changes in PCO, and PO, correlated significantly (Table S2).

3.3 | Hemodynamic parameters and neural injury

FHR did not differ significantly between the three phases: 178, 189
and 175 bpm for phases A, B and C, respectively (p = 0.687). MAP

also did not differ between the three phases: 58, 62 and 64 mmHg,
respectively (p = 0.239) (Table 1). FHR decelerations during occlu-
sions seemed to become progressively more severe during each
series (Figure 1). MAP during occlusions decreased progressively
by 19 mmHg (34%) from phase A to C (56 mmHg to 37 mmHg,
p = 0.004), indicating mild to severe hypotension in phase C
(Table 1).

Correlations between neural injury and hemodynamic parame-
ters are described in Table 3. FHR during occlusions in phase B cor-
related significantly with the total neural injury (0.812, p = 0.008)
and the number of cortex lesions (0.724; p = 0.028) (Table 3). MAP
during occlusions correlated significantly with brainstem lesions
in phase A (-0.871; p = 0.005), cerebral cortex and hippocampus
lesions in phase B (-0.782, p = 0.022 and -0.777, p = 0.023, re-
spectively), and total neural injury and cerebral cortex lesions in
phase C (-0.893, p = 0.007 and -0.927, p = 0.003, respectively).
Correlations between MAP during occlusion in phase C and basal
ganglia and hippocampus lesions were not significant (-0.703,
p = 0.078 and -0.730, p = 0.063, respectively). The progress from
phase A to B and from phase B to C confirmed correlations between
the number of lesions and the changes in MAP and MAP and FHR
nadir (Table S2).
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TABLE 2 Correlation between gasometric parameters and the number of acute anoxic-ischemic neurological lesions, basal ganglia lesions,

brainstem lesions, cerebellum lesions, cortex lesions and hippocampus lesions

Total
neurological Basal ganglia
Phase lesions® lesions
pH A 0.134;0.731 0.094;0.811
B 0.332;0.383 0.282;0.462
@ -0.479; 0.420 -0.195; 0.643
PCO, (mmHg) A 0.594; 0.092 0.477;0.194
B 0.485;0.185 0.383; 0.309
C 0.647; 0.083 0.366;0.373
PO2 (mmHg) A -0.158;0.684 -0.043;0.912
B -0.105; 0.787 0.000; 1.000
C 0.078; 0.854 0.221;0.599
BD (mmol/L) A 0.265; 0.491 0.231;0.550
B 0.308; 0.420 0.240; 0.533
C -0.339; 0.411 -0.111;0.793
Lactate (mmol/L) A -0.151; 0.669 -0.128; 0.743
B -0.424;0.255 -0.363; 0.337
@ -0.012;0.978 0.049; 0.909

Brainstem Cerebellum Hippocampus
lesions lesions Cortex lesions lesions
0.279;0.467 0.598; 0.089 -0.162; 0.678 -0.009; 0.982
0.520;0.151 0.588; 0.096 -0.038; 0.922 0.079; 0.839
-0.371;0.365 -0.12;0.977 -0.479;0.230 -0.038; 0.922
-0.04;0.919 -0.222; 0.565 0.800; 0.010 0.685; 0.042
-0.04;0.919 -0.504; 0.166 0.741; 0.022 0.712; 0.032
0.509;0.198 0.206; 0.624 0.577;0.134 0.524;0.183
0.148; 0.705 0.546;0.128 -0.413; 0.269 -0.440;0.236
-0.02; 0.959 0.405;0.279 -0.343;0.366 -0.350; 0.356
0.242;0.564 0.372;0.364 0.049; 0.908 0.186; 0.659
0.06; 0.878 0.477;0.195 0.038;0.922 0.168; 0.666
0.467; 0.205 0.573;0.107 -0.060; 0.878 0.053; 0.892
-0.306; 0.461 0.319; 0.441 -0.441;0.274 -0.349; 0.397
-0.090; 0.819 -0.530; 0.142 0.051; 0.896 -0.088; 0.822
-0.52;0.151 -0.756; 0.019 -0.068; 0.861 -0.123;0.752
0.082;0.846 -0.533;0.173 0.147;0.728 0.026; 0.952

Note: The correlations between the gasometric markers during phases A, B and C and brain lesions are shown. Results are presented as r-values
(Spearman's Rho coefficient); p was significant if <0.05. Bold value indicates p < 0.05.

Abbreviation: BD, base deficit.

*Total neurological lesions = lesions of all the different regions (basal ganglia, brainstem, cerebellum, cortex, hippocampus).

3.4 | HRV parameters

Most HRV indices did not differ significantly between the three
phases (Table 1). Only FSI changed significantly: from 54.9 (46.8-
70.5) in phase A to 75.8 (66-80.2) in phase C (p < 0.01), and from
55 (47.3-67.8) in phase B to 75.8 (66-80.2) in phase C (p < 0.01).
FSI, LTV and STV each correlated negatively with the number of
brainstem lesions: for FSI in phase C (-0.784; p = 0.021) and for LTV
(-0.677; p =0.045) and STV (-0.837; p = 0.005) in phase B (Table 3).
SDNN in phase C correlated negatively with the number of brain-
stem lesions (-0.825, p = 0.012) and hippocampus lesions (-0.766,
p = 0.027). Neural injury did not correlate significantly with other
HRYV indices such as RMSSD, HF and LF.

A scatterplot of the total and brainstem lesion counts as a func-
tion of LTV and STV values in phase B is presented in Figure 2; and
a scatterplot as a function of FSI and SDNN in phase C is presented
in Figure 3. FSI, LTV, STV and SDNN did not distinguish between
the two fetuses with no neural injury and those with neural injury.
However, the three fetuses with brainstem lesions had a lower STV
(<4.3 ms) in phase B (Figure 4), lower FSI (<75) in phase C and lower
SDNN (<18 ms) in phase C compared with fetuses with no brainstem
lesions (Figures 5 and 6).

Analysis of the progress from phase A to B and from phase Bto C
showed that none of the HRV markers correlated significantly with
the number of lesions (Table S3), which appears to indicate that the
absolute values of HRV indexes are more relevant than their differ-
ences between two phases.

4 | DISCUSSION

In this animal model of severe fetal acidosis in near-term fetal sheep,
neural injuries were obtained, predominantly in the cerebral cortex.
The pH did not correlate with the number of lesions identified at the
end of the experimental procedure.

The number of brain lesions correlated with variation in hemo-
dynamic parameters, especially with MAP during occlusion, but not
with HRV markers. Lesion numbers in the brainstem, cerebral cortex
and hippocampus correlated with MAP during occlusion. Brainstem
lesion numbers were associated with changes in HRV, especially
STV, LTV, SDNN and FSI. It is of note that in fetuses with brainstem
damage, the FSI was either unchanged or moderately increased, in
contrast to fetuses with no brainstem damage. The FSI reflects the
state of the parasympathetic system, which suggests that the para-
sympathetic system was unable to adapt in fetuses with brainstem
lesions. The FSl increased at the onset of acidosis, which confirmed
the increased activity of the parasympathetic system in the fetal
acidosis condition. Gasometric parameters did not correlate signifi-
cantly with neural injury, regardless of location.

Predicting HIE during labor is a major issue. HIE is defined as
neonatal encephalopathy secondary to systemic hypoxia and re-
duced cerebral perfusion leading to ischemic injury that may be focal
or diffuse. Early identification of infants at risk of complications such
as encephalopathy is important for instituting prompt interven-
tion. Fetal acidosis is a risk factor for neurological outcomes such
as convulsions and neonatal encephalopathy. Kelly et al. showed a
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FHR in phase A

FHR in phase B

FHR in phase C

Time (one minute between two white line)

FIGURE 1 Evolution of fetal heart rate decelerations during umbilical cord occlusions in phase (A) phase (B) and phase (C). FHR: fetal
heart rate. Umbilical cord occlusions (UCOs) were repeated every 5 minutes during the first phase (phase A), every 3 minutes during the
second phase (phase B), and every 2 minutes during the third phase (phase C)

dose-dependent relation between the degree of acidosis within 1 h
of delivery and the likelihood of adverse neonatal and later neuro-
developmental outcomes.®! In that study, the combined prevalence
rates of death or cerebral palsy were 3%, 10% and 39% at pH nadirs
of 6.9-6.99, 6.8-6.89 and <6.8, respectively.

However, a large proportion of newborns with very low pH/
high base deficit values are asymptomatic and do not require special
neonatal care.®? This idea is strengthened by studies of long-term
developmental outcomes. Hafstrom et al. studied 234 neonates with
umbilical arterial pH <7.05 and base deficit in the extracellular fluid
>12.0 mmol/L, who appeared healthy at birth. Outcome measures
at age 6.5 years showed no differences in neurological or behavioral
problems in these children compared with control children.®® In a
study of 883 infants, Ruth et al. reported that the sensitivity and
positive predictive value for adverse outcomes were 21% and 8%

for low pH, 12% and 5% for high lactate concentration, and 12% and
19% for low 5-min Apgar score, respectively.6 They concluded that
metabolic acidosis determined in blood from the umbilical artery at
birth is a poor predictor of perinatal brain damage. However, the
relation between umbilical cord blood pH or base deficit at birth and
the infant's immediate condition and risk for subsequent encepha-
lopathy has not been well characterized.!® In our model, pH did not
correlate significantly with neural injury. However, it is difficult to
draw firm conclusions about the predictive ability of pH because our
model did not allow us to investigate the progression of neural injury
between phases A, B and C, and the association between pH and
neural injury was compared only using the final number of lesions.
The relation between fetal blood pH and intrapartum neural in-
jury is poorly understood. By contrast, via a decrease in fetal sys-
temic arterial blood pressure, fetal cardiovascular decompensation
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TABLE 3 Correlation between hemodynamics and heart rate variability markers and the number of acute anoxic-ischemic neurological
lesions, basal ganglia lesions, brainstem lesions, cerebellum lesions, cortex lesions and hippocampus lesions

Total neurological  Basal Ganglia

Phase lesions? lesions
HR A 0.225;0.561 0.181; 0.641
B 0.385; 0.306 0.519;0.152
C 0.012;0.977 0.147;0.728
MAP A -0.613; 0.079 -0.568; 0.110
B -0.371;0.325 -0.614; 0.079
C -0.263;0.528 -0.464; 0.247
HR occ A 0.477;0.194 0.386; 0.304
B 0.812;0.008 0.621;0.074
C -0.479;0.230 -0.342;0.408
MAP occ A -0.575; 0.136 -0.274;0.511
B -0.635;0.091 -0.679; 0.064
@ -0.893; 0.007 -0.703; 0.078
FSI A -0.393;0.295 -0.162; 0.678
B -0.494;0.177 -0.443;0.233
C -0.515; 0.192 -0.464; 0.247
LTV A 0.151; 0.699 0.238;0.537
B -0.075; 0.847 -0.077; 0.845
C -0.108; 0.799 -0.146; 0.729
STV A -0.025; 0.949 0.187;0.629
B -0.402;0.284 -0.255; 0.507
C -0.228;0.588 -0.244; 0.560
SDNN A 0.059; 0.881 0.204; 0.598
B 0.126; 0.748 -0.077;0.845
C -0.623;0.099 -0.683; 0.062
RMSSD A -0.460;0.213 -0.187; 0.629
B -0.050; 0.898 -0.068; 0.862
C 0.000; 1.000 -0.268;0.520
LF A -0.444;0.232 -0.221; 0.567
B 0.017; 0.966 0.102; 0.794
C -0.072; 0.866 -0.049; 0.909
HF A -0.460;0.213 -0.187; 0.629
B -0.033;0.932 0.128;0.743
C 0.060; 0.888 -0.073;0.863

Brainstem Cerebrum Hippocampus
lesions lesions Cortex lesions lesion
0.182; 0.640 -0.095; 0.807 0.254;0.509 0.067; 0.865
-0.139;0.720 0.180; 0.644 0.451;0.223 0.167;0.668
-0.221;0.598 -0.598;0.118 0.167;0.693 0.000; 1.000
-0.475; 0.196 -0.708; 0.033 -0.338; 0.374 -0.338; 0.374
-0.306; 0.423 -0.358; 0.344 -0.240; 0.533 -0.186; 0.632
-0.165; 0.696 0.170; 0.688 -0.344; 0.404 -0.332; 0.422
0.070; 0.857 0.341;0.370 0.391;0.299 0.089; 0.821
0.448;0.226 0.496; 0.175 0.724;0.028 0.518; 0.153
-0.550;0.158 0.267;0.523 -0.479;0.230 -0.664;0.073
-0.871; 0.005 -0.427;0.292 -0.442;0.272 -0.491;0.217
-0.498; 0.209 0.195; 0.643 -0.782; 0.022 -0.777;0.023
-0.418; 0.350 -0.036; 0.938 -0.927;0.003 -0.730; 0.063
0.120; 0.759 0.248;0.520 -0.553;0.122 -0.571;0.108
0.139; 0.720 -0.256; 0.505 -0.434;0.243 -0.369; 0.329
-0.784;0.021 0.279;0.504 -0.577;0.134 -0.677;0.065
0.299;0.435 -0.077;0.844 0.306; 0.423 0.281; 0.464
-0.677;0.045 0.171; 0.660 0.034; 0.931 -0.167; 0.668
-0.481; 0.227 0.036; 0.932 -0.123;0.772 -0.396; 0.332
0.169; 0.663 -0.009; 0.983 0.094; 0.811 0.070; 0.857
-0.837;0.005 -0.051; 0.896 -0.255; 0.507 -0.483;0.188
-0.440; 0.275 0.073; 0.864 -0.270; 0.518 -0.511; 0.196
0.299;0.435 -0.342;0.368 0.264; 0.493 0.281; 0.464
0.040; 0.919 -0.291;0.448 0.264; 0.493 0.123; 0.753
-0.825;0.012 0.121; 0.775 -0.651; 0.081 -0.766; 0.027
-0.020; 0.959 -0.359;0.343 -0.383; 0.309 -0.369; 0.329
0.129; 0.740 -0.103; 0.793 0.034;0.931 -0.132;0.735
-0.481;0.227 0.206; 0.624 -0.049; 0.908 -0.192; 0.650
-0.239; 0.536 -0.581; 0.101 -0.196; 0.614 -0.176; 0.651
-0.518;0.153 -0.034; 0.930 0.187; 0.629 -0.079; 0.840
-0.481; 0.227 0.061; 0.887 -0.110; 0.795 -0.370; 0.366
-0.020; 0.959 -0.359;0.343 -0.383; 0.309 -0.369; 0.329
-0.408; 0.275 0.017; 0.965 0.077;0.845 -0.228;0.554
-0.385; 0.346 0.097;0.819 0.012;0.977 -0.230;
0.584

Note: Tables 3 show the correlations between hemodynamics and HRV markers during phases A, B and C and brain lesions. Results are presented in
r-values (Spearman's Rho coefficient); p was significant if <0.05. Bold value indicates p < 0.05.

Abbreviations: BD, base deficit; FSI, Fetal Stress Index; HF, high frequencies; HR, heart rate; LF, low frequencies; LTV, long-term variability; MAP,
mean arterial pressure; RMSSD, root mean square of successive differences; SDNN, standard deviation of the normal-to-normal RR interval; STV,

short-term variability.

*Total neurological lesions = lesions of all the different regions (basal ganglia, brainstem, cerebellum, cortex, hippocampus).

leads to a precipitous decrease in cerebral perfusion pressure,
which results in cerebral ischemia and injury.*®3* We found an as-
sociation between hypotension and hypoxia with fetal neural injury.
The hypotension observed during occlusion in phase C (-19 mmHg,
from 56 mmHg in phase A to 37 mmHg in phase C; p = 0.004) cor-
related with the total number of neurological lesions, especially in

the cerebral cortex. We note high r-values between hypotension in
phase C with basal ganglia and hippocampus lesions.

During hypoxia, an initial increase in blood pressure maintains
cerebral blood flow,** although, because of ongoing myocardial de-
compensation, the blood pressure reduces to the normal or subnor-
mal blood pressure and cerebral blood flow (and therefore nutrient
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FIGURE 2 Total number of neural and brainstem lesions as a function of short-term variability (STV) and long-term variability (LTV)
values per fetal sheep in phase B. One point: one fetal sheep. Vertical axis: number of lesions (total and brainstem). Horizontal axis: LTV and

STV values

and oxygen supply) is compromised. Severe hypotension (defined as
a decrease by >20 mmHg) has been shown to compromise cerebral
perfusion and precipitates hypoxic-ischemic injury in animal mod-
els.®*73¢ In models of cerebral ischemia in fetal sheep at term, seizure
activity was prominent and histological analysis showed lesions in
the cerebral cortex, hippocampus and basal ganglia.>”8 Therefore,
it is important to improve the ability to identify fetuses at risk of
hypotension that may lead to hypoxic-ischemic injury during labor.3*
Unfortunately, fetal blood pressure cannot be measured during
human labor.

Given the poor ability of pH to predict HIE, HRV as a potential
biomarker for predicting HIE has been investigated.®? In studies of
near-term fetal sheep, Gold et al. reported that an anomaly-detection
algorithm applied to the widely used HRV (RMSSD) reliably detected
the onset of cardiovascular decompensation. Yamaguchi et al. high-
lighted the need for novel HRV approaches to capture the complex
HRV response to HIE injury or other insults that result in perinatal

brain injury.*® They elucidated the potential pathophysiological
mechanism by which direct subcortical or brainstem injury leads to
autonomic dysfunctionf"z41 This condition is supported by our find-
ings of correlations between several HRV markers and brainstem
lesions; that is, FSI, SDNN, STV and LTV correlated with the number
of brainstem lesions. However, none of these four markers was su-
perior to the others in predicting lesions.

Fetal HRV reflects the complex interaction of sympathetic and
parasympathetic activities, which in turn are influenced by fetal
baroreceptors and chemoreceptors.lt"gg'42 Acute hypoxemia, de-
tected by the carotid body chemoreceptors, stimulates the auto-
nomic brainstem centers to increase both parasympathetic and
sympathetic activities, predominantly parasympathetic tone.*®%°
In our study, although all fetal HRV markers tended to increase
with acidosis, only the increase in FSI was significant. However, we
also found significant inverse correlations between the number of
brainstem lesions and STV and LTV in phase B, and FSI and SDNN
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FIGURE 4 Individual tracing of fetal stress index (FSI)
evolution against phases (phases A, B and C). Evolution of FSI

during phases A, B and C of experimental protocol (horizontal ax).

One line = one fetal sheep. Thick lines = fetuses with lesions in
the brainstem
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FIGURE 5 Individual tracing of short-term variability (STV) evolution
against phases (phases A, B and C). Evolution of STV during phase A, B
and C of experimental protocol (horizontal axis). One line = one fetal
sheep. Thick lines = fetuses with lesions in the brainstem
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FIGURE 6 Individual tracing of short-term variability evolution
against phases (phases A, B and C). Evolution of standard deviation
of the normal-to-normal RR interval (SDNN) during phase A, B and
C of experimental protocol (horizontal axis). One line = one fetal
sheep. Thick lines = fetuses with lesions in the brainstem

in phase C. Brainstem injury can lead to autonomic dysfunction
and modifications of fetal HRV. Of note, in fetuses with brainstem
damage, both FSI and SDNN were either unchanged or moderately
increased, in contrast to fetuses in which there was no brainstem
damage. George et al. observed a reduction in fetal HRV indexes
(STV, LTV, SDNN, RMSSD) measured in the latent phase during the
near- to mid-gestation period; these changes may be related to HIE
brain injury, particularly to the autonomic centers of the brainstem.%”
These findings suggest that suppression of fetal HRV after HIE was
not related to lesion severity but rather to brainstem lesions. In our
study, both FSI and SDNN were higher in phase C in the absence of
brainstem lesions. This suggests that increased FSI and SDNN may
indicate positive adaptations of the fetus to hypoxia, as evidenced
by the absence of neurological damage. The STV and LTV results
are more difficult to explain because they correlated significantly in
phase B but not in phase C. More experimental studies are needed
to explain this puzzling result.

Our primary goal was to study the associations between HRV
indices and hypoxia/acidemia. The main strength of this study is that
we were able to evaluate the associations between HRV and neural
injury. The best way to define the relevant outcomes of intrapar-
tum monitoring studies is an issue that has often been discussed in
the literature and during expert panels.43 There is a lack of clarity or
consensus regarding the goals of intrapartum monitoring, especially
regarding the role of intrapartum acidemia in the etiology of fetal
neural injury.®”® Neurological outcome, as proposed in the INFANT
trial, should be the gold standard.’

The only correlations found were between brainstem lesions and
HRV. Pathophysiologically, this seems logical because the brainstem
participates in the autonomic nervous system, which regulates HRV.
However, brainstem lesions are less frequent and are described in
the literature as occurring later and as a sign of severe hypoxia.**
Our histological analysis found many more lesions in the cortex and
basal ganglia, which suggests that these areas of the brain are more
sensitive to hypoxia. We found no correlation between the num-
ber of these lesions and HRV. It is therefore possible that HRV is

sensitive only to severe lesions, but this remains to be confirmed by
other studies.

Our study has some limitations. We observed only two fetuses
without lesions, which suggests that our findings should be inter-
preted with caution, while nevertheless encouraging exploration of
this promising line of research on HIE prevention. Another limitation
is the use of correlational analysis. Our small sample may have led to
bias in the interpretation of the results of the correlational analysis.
Therefore, the results obtained using this method should be confirmed
in a larger population for external validation. Although we used an ani-
mal model of human gestation, the reproducibility of our physiological
findings and their applications to human fetuses must be established.*®
Fetal hypoxia was obtained through umbilical cord compression, as
described in previous studies by other teams.?*#%4%47 However, this
reflects only a part of the mechanism of hypoxia during contractions,
which can also be caused by compression of the uteroplacental ves-
sels.®® Moreover, the histological analysis of the brain was performed
after an experimental protocol, and we do not know exactly when the
neurological lesions occurred. Continuous EEG recording may have
helped address this limitation and is planned for future experiments. In
addition, the gestational age we assessed is the nearest possible to full
term that can currently be assessed in sheep. Surgery closer to term is
difficult because of the high risk of inducing labor before the experi-
ment can be completed.?>***” Finally, a pH <6.90 signaled the end of
our experiment. Despite the differences between models using pH as

a cutoff to show minimal injury,21‘48

46

compared with those using hypo-

tension,”® we observed mild to severe hypotension during phase C.

5 | CONCLUSION

Fetal hypotension and HRV were associated with the presence of
neurological lesions. These findings suggest that HRV analysis may

be a promising tool for detecting HIE.
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