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Key points

e Fetal heart rate variability is a critical index of fetal wellbeing. Suppression of heart rate
variability may provide prognostic information on the risk of hypoxic-ischaemic brain injury
after birth.

¢ In the present study, we report the evolution of fetal heart rate variability after both mild and
severe hypoxia-ischaemia. Both mild and severe hypoxia-ischaemia were associated with an
initial, brief suppression of multiple measures of heart rate variability. This was followed by
normal or increased levels of heart rate variability during the latent phase of injury.

e Severe hypoxia-ischaemia was subsequently associated with the prolonged suppression of
measures of heart rate variability during the secondary phase of injury, which is the period of
time when brain injury is no longer treatable.

o These findings suggest that a biphasic pattern of heart rate variability may be an early marker
of brain injury when treatment or intervention is probably most effective.

Abstract Hypoxia-ischaemia (HI) is a major contributor to preterm brain injury, although
there are currently no reliable biomarkers for identifying infants who are at risk. We tested the
hypothesis that fetal heart rate (FHR) and FHR variability (FHRV) would identify evolving brain
injury after HI. Fetal sheep at 0.7 of gestation were subjected to either 15 (# = 10) or 25 min
(n = 17) of complete umbilical cord occlusion or sham occlusion (n = 12). FHR and four
measures of FHRV [short-term variation, long-term variation, standard deviation of normal to
normal R-R intervals (SDNN), root mean square of successive differences) were assessed until
72 h after HI. All measures of FHRV were suppressed for the first 3—4 h in the 15 min group and
1-2 h in the 25 min group. Measures of FHRV recovered to control levels by 4 h in the 15 min
group, whereas the 25 min group showed tachycardia and an increase in short-term variation and
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SDNN from 4 to 6 h after occlusion. The measures of FHRV then progressively declined in the
25 min group and became profoundly suppressed from 18 to 48 h. A partial recovery of FHRV
measures towards control levels was observed in the 25 min group from 49 to 72 h. These findings
illustrate the complex regulation of FHRV after both mild and severe HI and suggest that the
longitudinal analysis of FHR and FHRV after HI may be able to help determine the timing and
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severity of preterm HI.

of Auckland, Private Bag 92019, Auckland 1142, New Zealand.
Introduction

Antenatal and intrapartum hypoxia-ischaemia (HI) is a
major cause of brain injury in prematurely born infants,
occurring in ~5-9 per 1000 live births (Gopagondanahalli
et al. 2016). The risks are greatest at lower gestational ages
(Manuck et al. 2016). Infants born prematurely appear to
have a very high burden of antenatal HI (de Vries et al.
1998; Becher et al. 2004; Low, 2004; Logitharajah et al.
2009). In particular, antenatal HI may be a significant
contributor to cerebral palsy after preterm birth (McIntyre
et al. 2013; Tan, 2014).

It is now well established that HI brain injury evolves
over time. Initial restoration of cerebral metabolism
is observed in the first ~6-15 h (the latent phase of
injury), followed by secondary failure of cerebral energy
failure over the subsequent 48-72 h during which bulk
neural cell loss occurs (the secondary phase of injury)
(Wassink et al. 2014). A precise understanding of the
timing of HI is important for the development and
timely implementation of therapeutic interventions.
For example, therapeutic hypothermia improves neuro-
developmental outcomes in term infants when started
during the first 6 h after birth and continued until 72 h,
although efficacy is lost if hypothermia is delayed (Gunn
et al. 1997, 1998, 1999; Jacobs et al. 2013; Thoresen et al.
2013).

Fetal heart rate (FHR) and derivative indices such as
FHR variability (FHRV) are routinely used to assess fetal
wellbeing both before birth and in labour (Westgate et al.
2007; Lear et al. 2016). Clinical data from before and after
birth suggest that HI is associated with suppression of
heart rate variability (Phelan & Ahn, 1994; Goulding et al.
2017). However, experimental evidence suggests that this is
a late event related to established brainstem injury (Ikeda
et al. 1998; George et al. 2004). It is largely unknown
whether FHRV could be a biomarker of earlier brain injury
before the onset of secondary metabolic failure and thereby
identify injury when it is still treatable.

In the present study, changes in FHR and FHRV were
studied in fetal sheep at 0.7 of gestation after mild or severe
HI. The neural maturation of the fetal sheep at this age
is broadly equivalent to the human fetus at 28-32 weeks
(McIntosh et al. 1979). Mild HI was induced by 15 min
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of complete umbilical cord occlusion (UCO), which is
associated with only selective subcortical neuronal injury
(Keogh et al. 2012). Severe HI was induced by 25 min
of complete UCO, which is associated with a pattern of
diffuse white matter injury and severe subcortical neuronal
injury (Dean et al. 2006; Drury et al. 2013), consistent with
the predominant pattern of injury seen in contemporary
cohorts of preterm babies (Buser ef al. 2012; de Vries et al.
2015). Changes in FHR and FHRV were investigated in
relation to the well-described phases of brain injury after
HI: the latent phase (first 6 h after HI) is characterised by
transient recovery of oxidative metabolism and represents
the time when therapeutic intervention can mitigate the
severity of secondary cell death (Bennet et al. 2006;
Wassink et al. 2014). The secondary phase of injury
(~6-72 h after HI) represents the time when widespread
secondary cell death occurs, along with the appearance of
post-HI seizures (Bennet et al. 2006). Current treatment
strategies are unable to improve outcomes if initiated after
the start of the secondary phase (Wassink et al. 2014).

Materials and methods
Ethical approval

All procedures were approved by the Animal Ethics
Committee of the University of Auckland and were
carried out in accordance with the New Zealand Animal
Welfare Act 1999 and the University of Auckland’s Code
of Ethical Conduct for the use of animals for teaching
and research, as approved by the Ministry of Primary
Industries, Government of New Zealand. All procedures
comply with the guidelines of the The Journal of Physiology
(Grundy, 2015).

Surgical procedures

Thirty-nine singleton Romney/Suffolk fetal sheep were
surgically instrumented at 98-100 days of gestation
(term = 147 days), as reported previously (Lear et al
2014b). Food but not water was withdrawn 12-18 h
before surgery. Ewes were given long acting oxytetracycline
(20 mg kg“; Phoenix Pharm Distributors, Auckland,
New Zealand) 1.M. 30 min before surgery for prophylaxis.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Anaesthesia was induced by 1L.v. injection of propofol
(5 mg kg™!; AstraZeneca, Auckland, New Zealand) and
general anaesthesia was maintained using 2-3% iso-
flurane in oxygen. The depth of anaesthesia was monitored
constantly by trained anaesthetic staff. Ewes received a slow
infusion of isotonic saline (~250 ml h~!) to maintain fluid
balance.

A midline abdominal incision was made to expose
the uterus and the fetus was partially exteriorised
for instrumentation. Polyvinyl catheters (SteriHealth,
Dandenong South, VIC, Australia) were placed in the
left fetal femoral artery to measure blood pressure and
right brachial artery for pre-ductal blood sampling. An
additional catheter was placed into the amniotic sac for
the measurement of amniotic fluid pressure. A pair of
electrodes (AS633-3SSF; Cooner Wire, Chatsworth, CA,
USA) was placed s.c. over the right shoulder and at the
level of the fifth intercostal space to measure the fetal ECG
from which FHR and FHRV were derived. Two pairs of
electrodes (AS633-7SSF; Cooner Wire) were placed over
the parietal dura bilaterally, 5 mm and 10 mm anterior to
bregma and 10 mm lateral to the sagittal suture, for the
measurement of electroencephalographic (EEG) activity.
A further two electrodes (AS633-7SSF; Cooner Wire)
were sewn into nuchal muscle for measurement of nuchal
electromyographic (EMG) activity. A reference electrode
was sewn over the occiput. An inflatable silicone occluder
(OC16HD; In Vivo Metric, Healdsburg, CA, USA) was
placed around the umbilical cord to allow UCO.

Gentamicin (80 mg; Pfizer, Auckland, New Zealand)
was administered to the amniotic sac. The maternal
midline skin incision was infiltrated with long-acting
analgesic (10 mL of 0.5% bupivacaine plus adrenaline;
AstraZeneca). All fetal leads were exteriorised through the
maternal flank and a maternal long saphenous vein was
catheterised for postoperative care.

Postoperative care

After surgery, ewes were housed in separate meta-
bolic cages with companion animals in a temperature-
controlled room (16 £ 1 °C, humidity 50 & 10%) under a
12 12 h light/dark cycle (lights on 06.00 h) and ad libitum
access to water and food. Ewes received 1.v. antibiotics daily
for 4 days (600 mg of benzylpenicillin sodium; Novartis,
Auckland, New Zealand; 80 mg of gentamicin). Fetal
vascular catheters were maintained patent by continuous
infusion of heparinised saline (20 U mL™! at 0.2 mLh™!).
Three days after UCO, the ewes and their fetuses were
killed by an 1.v. overdose to the ewe of sodium pento-
barbitone (9 g; Pentobarb 300; Chemstock International,
Christchurch, New Zealand). Death was confirmed by the
absence of cardiopulmonary function and deep maternal
reflexes, including the corneal reflex. This method is fully
consistent with the Animal Welfare Act of New Zealand.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Experimental recordings

Fetal mean arterial pressure (MAP), ECG, EEG amplitude
and spectral edge frequency and nuchal EMG were
recorded continuously from 24 h before until 72 h after
UCO for offline analysis using customised LabVIEW-
based data acquisition software (National Instruments,
Austin, TX, USA). Fetal MAP was recorded using
Novatrans III Gold pressure transducers (MX860; Medex,
Hilliard, OH, USA) and corrected for maternal movement
by subtraction of amniotic fluid pressure. The pressure
signals were amplified 500x, low-pass filtered with a
Butterworth filter set at 20 Hz and saved at 64 Hz. The
raw ECG signal was analogue filtered with a first-order
high-pass filter set at 1 Hz and an eight-order low-pass
Bessel filter set at 100 Hz and saved at 512 and then used
to derive FHR and FHRV (Koome et al. 2014; Lear et al.
20144, 2016). EEG signals were amplified 10,000x and
low-pass filtered with a sixth-order Butterworth filter set
to 50 Hz and saved at 256 Hz. The intensity (power) was
derived from the intensity spectrum signal between 1 and
20 Hz and normalised by log transformation (dB, 20 x log
intensity). Spectral edge frequency was calculated as the
frequency below which 90% of the intensity was present.
The nuchal EMG signal was bandpass filtered between
100 Hz and 1 kHz, the signal was then integrated using a
time constant of 0.1 s and digitalised at 512 Hz.

Experimental protocol

Experiments began between 09.00 and 09.30 h, 4-5 days
after surgery when fetuses were at 104-105 days of
gestation. Fetuses were randomly assigned to either the
sham control (n = 12), mild HI (15 min UCO group,
n = 10) or severe HI (25 min UCO group, n = 17).
HI was induced by inflating the umbilical cord occluder
with a volume of saline known to completely occlude
the umbilical cord (Bennet et al. 1999) and released
after 15 or 25 min. Successful UCO was confirmed
by the rapid onset of bradycardia, a rise in MAP, and
changes in pH and blood gas measurements (Bennet et al.
1999). The occluder was not inflated in the sham control

group.

Fetal arterial blood samples

Baseline brachial artery blood samples (0.3 mL) were
collected before the start of UCO. During UCO, samples
were taken at 5 min after the start of UCO and either at
12 min (15 min UCO group) or 17 min (25 min UCO
group). Post-UCO samples were taken at 10 min and 1, 2,
4, 6, 24, 48 and 72 h after the end of UCO. Samples were
analysed for fetal pH and blood gases (ABL 800; Radio-
meter, Copenhagen, Denmark) and glucose and lactate
(model 2300; YSI, Yellow Springs, OH, USA).
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Table 1. Nadir of hypotension and bradycardia during complete umbilical cord occlusion

Mean arterial pressure (mmHg)

Fetal heart rate (beats min~")

Baseline Occlusion Baseline Occlusion
Control 36.2 £ 0.7 36.3 £ 0.8 1904 + 3.7 187.9 + 5.1
15 min 34.8 £ 0.7 14.8 + 1.3* 192.0 £ 3.1 82.0 £+ 2.7*
25 min 36.6 + 0.5 11.2 £ 0.7% 189.0 + 2.3 57.6 + 2.7%

Baseline was taken as the average of the hour preceding the start of occlusion. The final extent of hypotension and bradycardia was
calculated as the average over the final minute of umbilical cord occlusion. Data are the 1 min mean £ SEM. *P < 0.01, 15 min vs.

control; #P < 0.01; 25 min vs. controls; °P < 0.01, 15 min vs. 25 min.

Data analysis

Offline analysis of the physiological data was performed
using customised LabVIEW-based programs (National
Instruments). Continuous RR intervals were extracted
from the fetal ECG to calculate FHR and four time
domain measures of FHRV [root mean square of
successive differences (RMSSD), short-term variation
(STV), long-term variation (LTV) and SD of normal
to normal R-R intervals (SDNN)]. All measures were
assessed over 1 min continuous epochs. These epochs
were averaged to 10 min means during the first 24 h after
HI and to hourly means during the baseline period and
from 24-72 h after HI. RMSSD was calculated as the root
mean square of successive RR intervals during each 1 min
epoch, providing a measure of beat-to-beat FHRV, which is
sensitive to high frequency oscillations (Lear et al. 2016).
The clinical measures STV and LTV were calculated by
first dividing each 1 min epoch into 16 periods (3.75 s in
duration) and the mean RR interval (ms) was calculated
for each period. STV was calculated as the difference
between successive periods averaged over each 1 min epoch
(Street et al. 1991). LTV was calculated as the difference
between the maximum and minimum period average for
each 1 min epoch (Smith etal. 1987). SDNN was calculated
as the SD of all RR intervals during each 1 min epoch,
providing a measure of total FHRV irrespective of the
frequency of oscillations (Task Force of the European
Society of Cardiology and the North American Society
of Pacing and Electrophysiology, 1996). We additionally
calculated the skewness (the third moment about the
mean) of RR intervals as a measure of the asymmetry
of the FHR trace (Griffin & Moorman, 2001). Skewness
was calculated over 10 min continuous epochs. All other
physiological parameters were calculated as hourly means.

Statistical analysis

Statistical analysis was performed using SPSS, version
23 (IBM Corp., Armonk, NY, USA). After HI, data
were analysed in specific time bins consistent with the
known phases of injury. Differences between groups were
evaluated using two-way ANOVA with time treated as a

repeated measure and group as the independent factor. A
Fisher’s protected least-significant difference post hoc test
was subsequently performed when a significant overall
effect was found. When assessing FHRYV, the first 10 min
period after UCO was excluded as a result of rapid decrease
in RR interval during recovery from bradycardia. Arterial
blood gas data were analysed by one-way ANOVA with
group as the independent factor. Baseline was used as a
covariate where appropriate. Data are the mean £ SEM.
P < 0.05 was considered statistically significant.

Results
Baseline parameters

Before UCO all fetuses were healthy, based on our
laboratory standards including normal physiological and
arterial blood gas parameters. There were no significant
differences in any physiological parameters between the
groups. All fetuses showed the discontinuous, mixed
frequency EEG activity that is characteristic at this
gestation (Davidson et al. 2011). Nuchal EMG activity in
all three groups showed frequent, brief bursts of activity.
The distribution of male and female fetuses in each group
was: sham control (nine males, three females), 15 min
UCO (six males, three females, one unknown) and 25 min
UCO (three males, 14 females).

Umbilical cord occlusion

UCO was associated with sustained bradycardia and severe
hypotension. The final extent of bradycardia and hypo-
tension was more severe in the 25 min group compared to
the 15 min group (Table 1). UCO was associated with
profound hypoxaemia, hypoglycaemia and progressive
respiratory and metabolic acidosis that was more severe in
the 25 min group than in the 15 min group (Table 2).

Post-HI arterial blood pressure

There were significant differences in MAP between groups
during the first 6 h after UCO (P < 0.001) (Fig. 1). Post hoc
analysis suggested that MAP was mildly reduced in the

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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Table 2. Fetal pH, blood gases and metabolites before, during and after umbilical cord occlusion
Group Baseline Occlusion +1h +2h +4h +6 h +24 h +48 h +72h
pH

Control 7.37 + 0.01 7.37 £ 0.01 7.37 £ 0.01 7.39 £ 0.01 7.37 +£ 0.01 7.38 £ 0.01 7.37 £ 0.01 7.36 + 0.01 7.36 + 0.01

15 min 7.36 + 0.01  6.92 + 0.01* 7.33 + 0.01* 7.40 4+ 0.01° 7.39 + 0.01 7.37 + 0.01 7.35 + 0.01 7.36 + 0.01 7.36 + 0.00

25 min 7.36 + 0.01 6.84 + 0.01* 7.27 + 0.02* 7.32 + 0.01* 7.40 + 0.01* 7.40 + 0.01 7.37 + 0.01 7.37 &+ 0.01 7.36 + 0.01
Paco, (mmHg)

Control 48.8 + 1.2 47.0 + 1.1 473 + 1.1 47.4 + 0.9 48.1 +£ 1.1 475 + 1.1 47.7 £ 1 476 £ 1.4 478 £ 1.5

15 min 49.4 +£ 09 1145 + 3.1  44.0 + 0.6 456 + 1.0 445+ 11 467 +£ 13 486 + 1 484 + 1.3 485 + 1.3

25 min 50.5 + 1.3 141.6 + 42* 50.8 + 3.6 482 + 1.9 480+ 13 474+1.0 469 +1 471 £1.0 478 + 1.1
Pao, (mmHg)

Control 248 + 0.7 245 £ 0.8 239 £ 0.9 249 £ 0.7 25.0 + 0.6 247 £ 0.7 245 £ 1.0 246 £1.0 255+ 1.2

15 min 25.0 + 0.6 7.6 + 0.8* 28.0 + 0.6* 26.5 +£ 0.7 28.0 + 0.7 26.1 + 0.8 26.5+ 0.6 256+ 0.9 27.0 + 0.9

25 min 233 + 0.6 9.4 + 06" 287 +22% 259+10 232409 241410 262+ 1.1 279+ 13 274+ 12
BE (mmol L)

Control 1.5 £ 0.5 1.6 + 0.7 1.2 +£ 0.7 2.7 £ 0.7 1.7 £ 1.0 24+08 14+08 1+08 06+06

15 min 20+ 04 —96+ 03% 28+ 0.4* 26 +06° 1.7 +£05 154+ 06 08+ 03 3+07 13+07

25 min 23+ 08 -12.04+ 06 —4.0+15% —1.8 + 1.0* 3.2 + 0.8 3.8 £ 0.7 0.8 £ 0.8 + 0.8 0.6 +£ 0.4
Hct (%)

Control 267 + 0.8 264 + 1.0 26.8 + 0.9 2554+ 21 263+08 270+ 1.0 272+ 13 285+ 1.8 296+ 1.6

15 min 253 + 1.2 26.3 £ 1.6 23.9 + 1.2¢ 25.7 £ 1.2 25.8 + 1.1 254 £ 1.2 252 +13 263+ 1.1 268+ 14

25 min 27.2 £ 0.9 27.7 £ 0.9 299 + 1.6 28.5 +£ 0.9 27.1 £ 0.8 276 £ 1.1 276 £1.1 266 +£ 1.0 273 + 1.1
0,ct (mmol L)

Control 3.7 £ 0.1 6.0 + 2.2 3.7 £ 0.2 3.9 + 0.2 3.7 £ 0.2 3.8 £ 0.2 3.8 £ 0.2 59 + 2.0 40 + 0.2

15 min 35+ 02 0.3 + 0.0Y 3.5+ 02 3.8 + 0.2 3.8 + 02 37+02 36+£02 37402 40+03

25 min 3.6 + 0.1 0.5 + 0.0* 42 £ 0.3 4.0 £ 0.2 3.8 £ 0.2 3.9 £ 0.2 4.0 £ 0.2 41 £ 0.2 42 +£ 0.2
Lactate (mmol L")

Control 0.7 £ 0.1 0.8 + 0.0 0.9 + 0.1 0.8 + 0.0 0.8 £+ 0.1 0.9 £ 0.1 0.8 £ 0.0 0.8 £ 0.0 0.8 £ 0.1

15 min 0.8 £ 0.1 5.2 + 0.2% 3.1 £+ 0.1% 1.5 + 0.1° 1.0 + 0.1° 1.0 £ 0.1° 0.8 +0.1° 09 + 0.0 0.8 £ 0.0

25 min 0.8 £ 0.1 7.0 + 0.2% 5.0 + 0.5* 4.3 + 0.4* 2.7 + 0.4* 234+ 03% 12+ 0.1% 0.9 + 0.1 0.8 £ 0.1
Glucose (mmol L)

Control 1.0 £ 0.1 1.0 £ 0.0 1.1 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.0 £ 0.0 1.0 £ 0.1

15 min 1.2 £ 0.0 0.7 + 0.1* 1.6 £ 0.1* 1.7 £ 0.1% 1.6 £ 0.01* 1.6 £ 0.0 1.2 £+ 0.1 1.2 £ 0.1* 1.2 + 0.1

25 min 1.0 £+ 0.1 0.8 + 0.1* 1.4 + 0.1% 1.4+ 01 14401 15401 13+01* 12+ 01* 1.1+ 0.1

Samples during occlusion were taken at either 12 min after the start of umbilical cord occlusion (15 min group) or 17 min after the start of umbilical cord
occlusion (25 min group). Paco,, arterial partial pressure of carbon dioxide in arterial blood; Pao,, arterial partial pressure of oxygen in arterial blood;
BE, base excess; Hct, haematocrit; O,ct, arterial blood oxygen content. Data are the mean + SEM. *P < 0.05, 15 min vs. control; *P < 0.05, 25 min vs.

controls; °P < 0.05, 15 min vs. 25 min.

15 min group between 2 and 3 h after UCO compared
to controls (P < 0.01), whereas MAP was significantly
increased in the 25 min group for the first 6 h compared to
controls (P < 0.005). Subsequently, there was no difference
between groups.

Post-HI EEG intensity, spectral edge frequency and
nuchal EMG activity

There were significant differences in EEG power
(P < 0.001) (Fig. 2) and spectral edge frequency
(P < 0.001) between groups throughout the recovery
period after UCO. Post hoc analysis suggested that EEG
power in the 15 min group was significantly lower than
the control group (P < 0.005) but significantly higher than
the 25 min group (P < 0.01) in the first 6 h after UCO.
Subsequently, EEG power in the 15 min group returned
to control levels. Spectral edge frequency in the 15 min
group was significantly lower than the control group for
the first 24 h after UCO (P < 0.05) but subsequently
returned to control levels. EEG power in the 25 min group
was significantly lower than both the 15 min and control

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society

groups throughout the 72 h recovery period after UCO
(P < 0.005). Spectral edge frequency in the 25 min group
was significantly lower than controls throughout recovery
(P < 0.001) and significantly lower than the 15 min group
from 7 to 72 h after UCO (P < 0.001).

Nuchal EMG activity showed a complex pattern during
recovery in both groups (Fig. 2). There was a significant
interaction between group and time during the first
6 h after UCO (P < 0.001). In the 15 min group,
post hoc analysis suggested that nuchal EMG activity was
significantly reduced compared to sham controls for the
first 3 h after the UCO (P < 0.01). Subsequently, EMG
activity in the 15 min group returned to sham control levels
and displayed frequent, brief bursts of activity. Nuchal
EMG was also reduced in the 25 min group during the
first 2 h after UCO compared to sham controls (P < 0.05),
although average EMG activity returned to sham control
levels between 3 and 6 h after UCO. However, this was
mediated by sustained EMG activity rather than the brief
bursts observed in the 15 min and sham control groups.
There was a significant effect of group on nuchal EMG
activity between 7-12 h (P < 0.05) and 25-48 h (P < 0.01)
after UCO. Nuchal EMG was significantly reduced in the



6098

25 min group compared to both the controls and 15 min
group between 7-12 h (P < 0.05) and 25-48 h (P < 0.05)
after UCO.

Post-HI fetal heart rate

There was a significant effect of group on FHR from 0 to
6h (P < 0.001) and from 13 to 72 h after UCO (P < 0.05)
(Fig. 1). During the first 6 h after UCO, post hoc analysis
suggested that FHR was not significantly different in the
15 min group compared to controls. By contrast, FHR
was significantly increased in the 25 min group compared

H 25 min
#0

0 15 min O Controls

501

MAP
(mmHg) 401
30
240 - # #
FHR
(bpm)

160
154

Skewness 01

-151

-24 0 6 12 18 24 48 72
Time (hours)

Figure 1. Time sequence of changes in MAP, FHR and
skewness

Time sequence of changes in MAP (mmHg), FHR (bpm) and
skewness of R-R intervals from 24 h before until 72 h after umbilical
cord occlusion in sham controls (n = 12), 15 min group (n = 10) and
25 min group (n = 17). Data are the 1 h mean £ SEM. FHR is the

10 min mean =+ SEM during the first 24 h after occlusion. *P < 0.05,
15 min vs. controls; #P < 0.05, 25 min vs. controls; P < 0.05,

15 min vs. 25 min.
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to both the controls (P < 0.01) and the 15 min group
(P < 0.001), peaking at 3 h. FHR in the 25 min group then
fell and was significantly reduced in the 25 min group
compared to the controls from 13 to 72 h (P < 0.05) and
compared to the 15 min group from 24 to 72 h (P < 0.05).

Fetal heart rate variability during the latent phase

An evolving pattern in FHRV was observed after HI across
all measures. During the first 6 h after HI, a significant

B 25min O 15 min O Controls
25 - *#5 #8
20 1
EEG
power 15
(dB)
10
5 * *
15 - # #d #5
Spectral 10
edge
frequency
Hz) ]

-24 0 6 12 18 24 48 72
Time (hours)

Figure 2. Time sequence of changes in EEG amplitude,
spectral edge frequency and nuchal electromyogram

Time sequence of changes in EEG amplitude (dB), spectral edge
frequency (Hz) and nuchal EMG (uV) from 24 h before until 72 h
after umbilical cord occlusion in sham controls (n = 12), 15 min
group (n = 10) and 25 min group (n = 17). Data are the 1 h
mean + SEM. *P < 0.05, 15 min vs. control; #P < 0.05, 25 min vs.
controls; %P < 0.05, 15 min vs. 25 min.

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society
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effect of group was observed for RMSSD (P < 0.05), STV
(P < 0.01), SDNN (P < 0.01) and LTV (P < 0.05) (Figs 3
and 4). Post hoc analysis suggested that all measures of
FHRV were suppressed in the 15 min group compared
to controls from 0 to 3 h after UCO (P < 0.05, RMSSD;
P < 0.005 STV, SDNN), although LTV was suppressed
until 4 hafter UCO (P < 0.001). The 25 min group showed
brief suppression of FHRV compared to controls from 0
to 2 h after UCO (P < 0.001, SDNN, LTV), although STV
was only suppressed from 0 to 1 h after UCO (P < 0.001).
RMSSD showed no initial suppression in the 25 min group
compared to controls.

After this initial suppression, measures of FHRV in
both the 15 min and 25 min groups progressively
increased towards control levels, although the 25 min
group continued to increase past control levels in two
measures. STV in the 25 min group was significantly
higher than controls from 3 to 6 h after UCO (P < 0.01).
SDNN was significantly higher in the 25 min group
compared to controls from 4 to 6 h after UCO (P < 0.05).

#0

RMSSD 4
(ms)
0 #
20 - 8 #5 A
* W 25 min
# O 15min
O Controls
SDNN 101 3
(ms)

-24 0 6 12 18 24 48 72
Time (hours)

Figure 3. Time sequence of changes in RMSSD and SDNN

Time sequence of changes in RMSSD and SDNN from 24 h before
until 72 h after umbilical cord occlusion in sham controls (n = 12),
15 min group (n = 10) and 25 min group (n = 17). Data the 10 min
mean + SEM during the first 24 h after occlusion and the 1 h

mean =+ SEM at all other time points. The first 10 min after occlusion
is not shown *P < 0.05, 15 min vs. control; *P < 0.05, 25 min vs.
controls; P < 0.05, 15 min vs. 25 min. The first 10 min bin is not
shown.
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Throughout the first 6 h after UCO, the 25 min group
showed significantly higher levels in the measures of FHRV
than the 15 min group (P < 0.005, RMSSD, STV, SDNN;
P < 0.01, LTV).

Additionally, there was a significant effect of group on
the skewness of RR intervals from 0 to 6 h after UCO
(P < 0.001) (Fig. 1). Post hoc analysis suggested that both
the 15 min (P < 0.005) and 25 min (P < 0.001) groups
showed increased skewness of RR intervals from 0 to 6 h
after UCO compared to controls.

Fetal heart rate variability during the secondary
phase

The start of the secondary phase (7-12 h after HI)
was associated with a significant effect of group on the
skewness of RR intervals (P < 0.05) (Fig. 1); no significant
differences were observed in any other measure of FHRV
during this time. Post hocanalysis suggested that the 15 min

STV
(ms)
* H 25 min
# O 15 min
O Controls
LTV 35
(ms)

-24 0 6 12 18 24 48 72
Time (hours)

Figure 4. Time sequence of changes in STV and LTV

Time sequence of changes in STV and LTV from 24 h before until

72 h after umbilical cord occlusion in sham controls (n = 12), 15 min
group (n = 10) and 25 min group (n = 17). Data are the 10 min
mean =+ SEM during the first 24 h after occlusion and the 1 h

mean + SEM at all other time points. The first 10 min after occlusion
is not shown. *P < 0.05, 15 min vs. control; P < 0.05, 25 min vs.
controls; 8P < 0.05, 15 min vs. 25 min.
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group was not different from controls, whereas the 25 min
group showed increased skewness of RR intervals from 7
to 12 h after UCO compared to both the 15 min group
(P < 0.05) and controls (P < 0.05).

A significant effect of group was observed on SDNN
from 13 to 48 h (P < 0.005), on STV and LTV from 13
to 72 h (P < 0.05), and on RMSSD from 19 to 72 h
(P < 0.01). The measures of FHRV were not significant
different in the 15 min group compared to controls. By
contrast, the measures of FHRV became progressively
suppressed in the 25 min group during the secondary
phase and were significantly lower from 13 to 48 h after
UCO compared to both the 15 min group (P < 0.05, STV;
P < 0.005, SDNN, LTV) and controls (P < 0.005, SDNN,
LTV; P < 0.05, STV). RMSSD in the 25 min group showed
later suppression from 19 to 48 h after UCO compared to
the 15 min (P < 0.05) and control groups (P < 0.005).
A significant effect of group was also observed on the
skewness of RR intervals from 25 to 72 h, resulting in the
25 min group having lower skewness of RR intervals than
both the 15 min group (P < 0.01) (Fig. 1) and controls
(P < 0.05).

There were no significant differences between the
15 min and control groups in any measure of FHRV at the
end of the experiment. A partial recovery was observed
in FHRV in the 25 min group from 49 to 72 h, with
SDNN returning to control levels (Figs 3 and 4). However,
the other measures remained significantly lower in the
25 min group from 49-72 h compared to the 15 min
(P < 0.05, STV, ILTV; P < 0.01, RMSSD) and control
groups (P < 0.001, RMSSD; P = 0.056, LTV).

Discussion

In the present study, both mild (15 min) and
severe (25 min) HI induced by complete UCO were
associated with complex changes in FHR and FHRV
that corresponded to the well-described phases of injury
(Bennet et al. 2006; Wassink et al. 2014 ). The four measures
of FHRYV assessed in the present study (STV, LTV, SDNN,
RMSSD) were all initially suppressed in both the 15 min
and 25 min groups during the latent phase. In the 15 min
group, the measures of FHRV normalised by the end of the
latent phase. By contrast, the initial suppression of FHRV
measures in the 25 min group was followed by an earlier
increase towards control levels. Two of the four measures
(STV and SDNN) additionally suggested that there were
increased levels of FHRV during the second half of the
latent phase in the 25 min group.

The FHR response at this time was discordant between
the groups. The 25 min group developed tachycardia for
most of the latent phase compared to no significant change
in the 15 min group. After the end of the latent phase, the
15 min group showed normal levels of FHRV across all
measures until the end of the experiment. All measures of
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FHRV progressively declined in the 25 min group during
the secondary phase of injury, reaching a nadir at 24 h,
before showing a partial recovery towards the end of the
experiment.

Fetal heart rate variability during the latent phase
of injury

Heart rate variability reflects the complex integration
of intrinsic pacemaker rhythms of the sinoatrial node
with the sympathetic and parasympathetic activity of the
autonomic nervous system (Dalton et al. 1983; Jensen
et al. 2009; Lear et al. 2016). Autonomic outflow is in
turn modulated by fetal behaviour including body and
breathing movements (Dalton et al. 1977, 1983). The
reduction in the indices of FHRV measured in the pre-
sent study (STV, LTV, SDNN, RMSSD) during the latent
phase could be related to the establishment of HI brain
injury, particularly of the autonomic centres of the brain-
stem (George et al. 2004). Strikingly, however, the duration
of suppression of these measures of FHRV was markedly
longer in fetuses exposed to mild HI (15 min group) than
those exposed to severe HI (25 min group). This suggests
that suppression of FHRV after HI was not related to the
severity of injury per se. Furthermore, the 25 min group
showed rapid recovery and excitation of measures of FHRV
within 6 h of HI, indicating that the brainstem was still
able to increase autonomic outflow. It is therefore more
probable that the reduction in measures of FHRV early
after HI was related to an active suppression of autonomic
activity in both the 15 min and 25 min groups.

More generally, the latent phase of injury is a period
of relative quiescence and, in both groups, this phase was
associated with suppression of EEG power, spectral edge
frequency and body movements, as measured by nuchal
EMG activity. This is an active, neuroprotective response
that helps to minimise brain injury (Dean et al. 2006;
Yawno et al. 2007, 2011). Suppression of the measures of
FHRV is therefore probably a correlate of this generalised
suppression of brain activity, secondary to inhibition of the
upstream determinants of autonomic outflow. Consistent
with this concept, normalization of the measures of FHRV
in the 15 min group closely paralleled the recovery of EEG
power and nuchal EMG activity at the end of the latent
phase.

The period when measures of FHRV were suppressed
was shorter in the 25 min group and all measures of FHRV
returned to control levels by 2 h after HI despite continued
profound suppression of EEG power and spectral edge
frequency. A pattern of an abnormal, sustained increase in
nuchal EMG activity was observed at this time, consistent
with tonic flexion (George et al. 2004). This is very different
from the normal episodic pattern of fetal body movements
and probably did not contribute to the progressive increase
in FHRV at this time. We did not measure breathing
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movements in the present study, although Ikeda et al.
(1998) have previously reported that fetal gasping was
associated with a ‘checkmark’ FHR pattern after severe HI
in near-term fetal sheep. The combination of abnormal
nuchal EMG activity and increased measures of FHRV
but continued suppression of EEG activity in the present
study suggests a specific increase in brainstem activity and
autonomic outflow.

We have previously shown that severe HI at 0.6 of
gestation was associated with extensive injury to the
medullaand nucleus tractus solitarii (George et al. 2004). It
is therefore possible that the irregular autonomic outflow
that led to the increase in measures of FHRV in the 25 min
group is a reflection of evolving brainstem injury. We
cannot rule out the possibility that reduced FHRV could,
in part, reflect reduced cardiac responsiveness. However,
this would not be not consistent with either the rapid
recovery of blood pressure after release of occlusion or
the longer suppression of FHRV after 15 min of occlusion
compared to 25 min of occlusion.

The latent phase is critical because it represents the
window of opportunity for the only neuroprotective
strategy currently available for late preterm and term
infants: therapeutic hypothermia (Gunn et al. 1997, 1998;
Jacobs et al. 2013). The present study suggests that a
pattern of high FHRV and tachycardia may identify the
latent phase of injury after severe HI. By contrast, high
FHRV is most typically associated with fetal wellbeing
and even abnormal high amplitude FHR patterns such
as pseudosinusoidal patterns can occur in healthy fetuses
(Ayres-de-Campos et al. 2015). Moreover, the measures of
FHRV assessed in the present study were no different from
the control group for at least one-third of the latent phase,
making the two groups difficult to distinguish reliably.

The time-domain based measures employed in the
present study largely quantify the overall magnitude of
FHRV and provide little direct information on the specific
components or patterns present in the FHR trace. The
duration of the epochs used to quantify FHRV can affect
their magnitude (Task Force of the European Society of
Cardiology and the North American Society of Pacing and
Electrophysiology, 1996). Reassuringly, however, studies
in adult humans support a good correlation between the
1 min and 5 min parameters for time-domain measures of
FHRV (Nussinovitch et al. 2012). Additional measures of
FHRYV (e.g. frequency domain and non-linear methods)
may help to provide additional information on the physio-
logical regulation of FHRV after HI (Bernardes et al. 2009;
Frasch et al. 2012). For example, in the present study, we
observed that both the 15 min and 25 min groups showed
increased skewness after HI, which persisted into the early
secondary phase in the 25 min group. Skewness provides a
measure of the asymmetry of the FHR trace independent
of the overall magnitude of oscillations. An increase in
skewness suggests a relative predominance of downward

© 2018 The Authors. The Journal of Physiology © 2018 The Physiological Society

Fetal heart rate variability after hypoxia-ischaemia

6101

FHR deflections (i.e. decelerations) in comparison to
upward deflections (i.e. accelerations) (Lear et al. 2015,
2016). This finding suggests that HI was associated with
alterations to the underlying FHR ‘architecture’ of FHR
patterns, supporting the importance of characterizing
additional measures of FHRV in the future.

Fetal heart rate patterns during the secondary phase
of injury

The 15 min group showed near-normalization of FHR
and measures of FHRV to sham control levels after the
end of the latent phase. Nuchal EMG and EEG power also
recovered by the end of the latent phase and the spectral
edge frequency recovered by 24 h. This combination of
findings suggests that the upstream determinants of FHRV
quickly recovered in the 15 min group.

By contrast, the 25 min group showed a progressive
fall in both FHR and all measures of FHRV during
the secondary phase, reaching similar nadirs at 24 h
after HI. This period was associated with continued
suppression of EEG power, spectral edge frequency and
nuchal EMG activity (Fig. 2). Suppression of FHRV may
therefore reflect withdrawal of the increased autonomic
outflow seen in the latent phase, uncovering the overall
reduction in fetal activity. All measures of FHRV showed
similar suppression during this time and skewness was
no different from control values, suggesting suppression
of all FHRV components and frequencies. Our finding
of suppression of FHRV during the secondary phase
is consistent with findings in term neonates with HIE,
who show greater suppression of heart rate variability in
association with more severe encephalopathy (Goulding
etal 2017).

Stereotypic evolving seizures were observed during the
secondary phase in the 25 min group but not in the
15 min group. At this gestation, seizures are discrete and
occur at a rate of around three per hour (Quaedackers
et al. 2004; Bennet et al. 2007; Lear et al. 2017). We
have previously reported that individual seizures are
associated with increased sympathetic activity, leading to
intestinal vasoconstriction, hypertension and tachycardia,
and also that 75% are associated with nuchal EMG activity
(Quaedackers et al. 2004). Fetal seizures at term gestation
have also previously been associated with an increase
in FHRV (Westgate et al. 1999). We did not specifically
investigate the effect of seizures on FHRV in the pre-
sent study, although our findings most probably indicate
profound suppression of FHRV between seizures.

Fetal heart rate variability 72 h after HI

The reduction in FHR and suppression of measures of
FHRV in the 25 min group progressively resolved from
24 h onwards, in association with increasing EEG power
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and nuchal EMG activity. SDNN recovered to control
levels by 72 h in the 25 min group. By contrast, RMSSD,
STV and LTV remained significantly reduced at 72 h. A
decrease in skewness was also observed at this time in the
25 min group, suggesting the FHR trace showed a relative
predominance of accelerations, with loss of decelerations.
These findings suggest that there may have been specific
changes to the components of FHRYV, along with an over-
all effect on the magnitude of FHRV. Future studies
will need to assess whether these changes persist beyond
72 h.

Significance and perspectives

The aetiology of brain injury in premature
infants is complex and multifactorial (Back, 2015;
Gopagondanahalli et al. 2016). A significant proportion
of preterm babies are exposed to antenatal infection
(Combs et al. 2014). Biomarkers are urgently needed to
identify such cases (Lear et al. 20144, 2015). Although
the timing of HI is poorly understood in preterm
babies (Hayakawa et al. 1999), HI encephalopathy has
recently been shown to be a significant burden in a large
contemporary cohort of 8,334 singleton preterm babies
(Manuck et al. 2016). Current understanding focuses on
the utility of suppressed heart rate variability to identify
HI. This study suggests this is too simplistic because
complex patterns of FHRV were observed after HI.
Although the secondary phase of injury was associated
with prolonged suppression of all measures of FHRYV,
we found that these measures were either increased or
near-normal during the latent phase even after severe HI.

There are current trials of neuroprotective strategies
(e.g. erythropoietin) for preterm babies at risk of HI
brain injury (Juul & Pet, 2015). Unfortunately, without an
accurate understanding of which biomarkers do and do
not provide prognostic information for HI brain injury,
it is difficult to reliably identify those who will probably
benefit from such strategies. The present study suggests
that an improved understanding of the dynamic changes
in FHRYV after severe HI may aid in the selection of preterm
babies for neuroprotective strategies.
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