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Fetal heart rate variability

Is a biomarker of rapid

but not progressive exacerbation
of inflammation in preterm fetal
sheep

Shoichi Magawa®2¢, Christopher A. Lear:¢, Michael J. Beacom?, Victoria J. King?,
Michi Kasai®, Robert Galinsky*, Tomoaki Ikeda?, Alistair J. Gunn® & Laura Bennet’*"*

Perinatal infection/inflammation can trigger preterm birth and contribute to neurodevelopmental
disability. There are currently no sensitive, specific methods to identify perinatal infection. We
investigated the utility of time, frequency and non-linear measures of fetal heart rate (FHR) variability
(FHRV) to identify either progressive or more rapid inflammation. Chronically instrumented preterm
fetal sheep were randomly assigned to one of three different 5d continuous i.v. infusions: 1) control
(saline infusions; n=10), 2) progressive lipopolysaccharide (LPS; 200 ng/kg over 24 h, doubled every
24 hfor 5d, n=8), or 3) acute-on-chronic LPS (100 ng/kg over 24 h then 250 ng/kg/24 h for 4d plus

1 pg boluses at 48, 72, and 96 h, n=9). Both LPS protocols triggered transient increases in multiple
measures of FHRYV at the onset of infusions. No FHRYV or physiological changes occurred from 12 h
after starting progressive LPS infusions. LPS boluses during the acute-on-chronic protocol triggered
transient hypotension, tachycardia and an initial increase in multiple time and frequency domain
measures of FHRV, with an asymmetric FHR pattern of predominant decelerations. Following
resolution of hypotension after the second and third LPS boluses, all frequencies of FHRV became
suppressed. These data suggest that FHRV may be a useful biomarker of rapid but not progressive
preterm infection/inflammation.

Preterm birth accounts for about 11% of deliveries worldwide' and is a leading cause of neonatal morbid-
ity and mortality?. Perinatal infection and inflammation are associated with approximately 40% of premature
deliveries®”, and high rates of neurodevelopmental disability®’. In recent studies, gram-negative bacteria were
predominantly involved in early-onset sepsis amongst preterm neonates, denoting a high rate of gram-negative
infection in the immediate perinatal period'’. Further, the contribution from gram-negative Escherichia coli
infections in very low-birth weight infants has increased markedly in recent years'®. Diagnosis of perinatal
infection still largely relies on maternal symptoms, but milder or more slowly evolving infections are typically
asymptomatic!!. There is evidence that acute onset of intrauterine infection may be associated with fetal heart
rate (FHR) changes, including tachycardia and loss of accelerations and fetal heart rate variability (FHRV)'?, but
there is limited systematic information.

Sensitive markers of fetal exposure to infection are urgently needed to achieve early medical intervention
for fetuses exposed to infection while also avoiding unnecessary interventions. In preterm neonates, changes in
heart rate variability (HRV) can allow early detection of sepsis before clinical deterioration, facilitating earlier
treatment and improved survival'*-1°. The key heart rate features of neonatal infection include asymmetrical heart
rate traces, reduced time domain measures of HRV, with reduced sample entropy and measures of nonlinear
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HRV'>!>!7 The combined analysis of these measures into a single score called the heart rate characteristic index
has recently been reported to have an overall sensitivity of 53% and specificity of 80% for culture-proven late-
onset neonatal sepsis across all gestational ages'®. Moreover, a higher sensitivity of 76% but specificity of 63%
was found among infants born < 28 weeks'®, supporting a moderate ability to identify sepsis among extremely
preterm infants.

The inflammatory response to infection, rather than the infection per se, is the crucial damaging event to
the developing brain'. Thus, lipopolysaccharide (LPS), a component of the cell wall of gram-negative bacteria,
is widely used to induce systemic and central inflammation®’. For example, fetal sheep exposed to acute severe
inflammation induced by high-dose lipopolysaccharide (LPS), a component of the cell wall of gram-negative
bacteria, develop transient hypotension with biphasic changes in time domain measures of FHRV character-
ized by an initial increase followed by suppression of FHRV*'*2, By definition, these studies involved very rapid
increases in the inflammatory stimulus after boluses of LPS. The relationship between the speed of onset of fetal
infection/inflammation and changes in FHRV remains highly unclear.

In the present study, we contrasted changes in FHRV during two different patterns of fetal inflammation.
Firstly, we utilized a pattern of acute on chronic LPS infusions to represent a slowly evolving fetal infection with
acute severe exacerbations®. We compared this to a second pattern of progressively increased LPS infusions
designed to represent progressively worsening fetal inflammation without acute exacerbations®*. We investigated
changes in a wide range of FHRV measures, including time and frequency domain analysis, as well as non-linear
measures, including measures that have been reported to predict acute neonatal sepsis'?.

Materials and methods

Ethical approval. All procedures were approved by the Animal Ethics Committee of the University of
Auckland following the New Zealand Animal Welfare Act 1999, and the Code of Ethical Conduct for animals in
research established by the Ministry of Primary Industries, Government of New Zealand. All methods were per-
formed in accordance with the relevant guidelines and regulations. This manuscript complies with the ARRIVE
guidelines®.

Surgical procedures. 25 Romney/Suffolk fetal sheep were operated on at 97-101 days gestational age
(term =147 days)****. Food, but not water was withdrawn 18 h before surgery. Ewes were given long acting oxy-
tetracycline (20 mg/kg, Phoenix Pharm Distributors, Auckland, New Zealand) intramuscularly 30 min before
the start of surgery. Anesthesia was induced by intravenous injection of propofol (5 mg/kg; AstraZeneca, Auck-
land, New Zealand), and general anesthesia maintained using 2-3% isoflurane (Medsource, Ashburton, New
Zealand) in oxygen. All surgical procedures were performed using sterile techniques. Polyvinyl catheters were
placed in the left femoral artery and amniotic sac to measure MAP and amniotic pressure, respectively. Further
catheters were placed in the right brachial artery and left femoral vein to allow for pre-ductal arterial blood sam-
pling and intravenous infusions of LPS respectively. A pair of electrodes was sewn over the fetal chest to record
the fetal electrocardiogram (ECG). Another pair of electrodes was sewn into nuchal muscle to measure nuchal
electromyographic (EMG) activity. All fetal leads were exteriorized through the maternal flank and a maternal
long saphenous vein was catheterized to provide access for postoperative care and euthanasia. 80 mg gentamicin
(Pfizer Ltd, Auckland, New Zealand) was administered into the amniotic sac before closure of the uterus.

Post-operative care. All sheep were housed in separate metabolic cages with access to water and food
ad libitum, together in a temperature-controlled room (16+1 °C, humidity 50+ 10%) with a 12-h light/dark
cycle. 4-5 days post-operative recovery was allowed before experiments, during which time antibiotics were
intravenously administered to the ewe daily (600 mg benzylpenicillin sodium; Novartis, Auckland, New Zea-
land, and 80 mg gentamicin, Pfizer). Fetal catheters were maintained by continuous infusion of heparinized
saline (20 U/ml at 0.2 ml/h).

Experimental recordings. Fetal mean arterial blood pressure (MAP) corrected for maternal movement by
subtraction of amniotic fluid pressure (Novatrans IT, MX860; Medex Inc., Hilliard, OH, USA), ECG and EMG
were recorded continuously throughout the experimental period. The blood pressure signal was collected at
64 Hz and low pass filtered at 30 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 1024 Hz and used to derive FHR
and FHRYV, as described below. The nuchal EMG signal was band-pass filtered between 100 Hz and 1 kHz and
the signal was integrated using a time constant of 1 s.

Experimental protocol. Experiments were performed at 104-105 d (0.7) gestation. The preterm fetal
sheep at 0.7 gestation is neurologically comparable to the human brain at 28-32 weeks of gestation®, before the
onset of cortical myelination””. These studies used LPS derived from Escherichia coli, serotype 055:B5 (Sigma
Aldrich, St. Louis, MO, USA). Fetuses were randomly assigned to one of three infusion protocols, each lasting a
total of 5 days (120 h). The LPS protocols are shown in Fig. 1. LPS doses were calculated based on an estimated
1 kg fetal body weight at the start of the experiment.

(1) Control (n=10). Intravenous saline infusions and boluses at the same rate and volume as group 2.

(2) Progressive LPS (n=8). LPS was dissolved in saline at a concentration of 200 ng/mL; note that a higher
concentration than used in group 3 was required in order to reduce the total volume to be infused. LPS was
initially infused at a rate of 0.2 ug/kg/24 h (41.7 uL/h). The rate of LPS infusion was doubled every 24 h:

Scientific Reports |

(2022) 12:1771 | https://doi.org/10.1038/s41598-022-05799-3 nature portfolio



www.nature.com/scientificreports/

Acute-on-chronic
LPS protocol

Start LPS Stop LPS
. infusion infusion
q_) —~
TS o
<
c N 1 ug LPS boluses
oD 2
g by
20 1]
ct
O_ [N |
1 1 1 1 1 1
0 1 2 3 4 5
Time (days)
Progressive
LPS protocol
Start LPS Stop LPS
. infusions infusions
QO
-— _ —
o5 °
N
55 2
» <
=e)
IS
O_
1 1 1 1 1 1
0 1 2 3 4 5
Time (days)

Figure 1. Schematic of the two LPS protocols. All LPS infusions were started on day 0 and continued for a total
of 5 days, fetuses were studied for a further 5 days after the end of infusions. The progressive LPS group received
LPS infusions which were doubled in dosage rate every 24 h. The acute-on-chronic LPS group received a low-
dose LPS infusion, which was increased after 24 h and remained constant for the following 4 days. The acute-
on-chronic LPS group additionally received three high-dose 1 ug LPS boluses, infused over 2 min, at 48, 72 and
96 h after the start of low-dose infusions.

0.4 pg/kg/24 h (83.3 pL/h), 0.8 ug/kg/24 h (166.7 pL/h), 1.6 ug/kg/24 h (333.3 pL/h) and 3.2 ug/kg/24 h
(666.7 uL/h)**. The total LPS dose given at the end of the experiment was 6.2 pg/kg in each fetus.

(3) Acute on chronic LPS (n=9). LPS was dissolved in saline at a concentration of 50 ng/mL, and initially
infused at a rate of 0.1 ug/kg/24 h (83.3 uL/h) from 0-24 h of the experiment. The rate was then increased
to 0.25 pg/kg/24 h (207.5 puL/h) from 24 to 120 h of the experiment. Additional bolus infusions of 1 ug LPS
dissolved in 2 ml of saline (infused over 2 min) were performed at 48, 72 and 96 h after the start of LPS
infusions®. On each day that a bolus was given, each fetus received a total of 1.25 ug/kg of LPS. The total
LPS dose given at the end of the experiment was 4.1 pg/kg in each fetus.

All infusions were stopped after 120 h, and fetuses were studied for a further 120 h after the end of infusions.
240 h after the start of infusions, sheep were killed by intravenous injection of an overdose (9 g) of pentobarbital
sodium (Pentobarb 300, Chemstock international, Christchurch, New Zealand).

Fetal arterial blood samples. Fetal arterial blood was collected every morning starting from 24 h before
the experiment until the day of postmortem. Baseline samples were taken 30 min before the rate of infusion of
LPS was increased or a bolus was given. On the days of LPS infusions (day 0-4), additional samples were taken at
2 and 6 h after infusion rates were increased or boluses were administered. Whole blood samples were analyzed
for fetal pH and blood gases (ABL800 blood gas analyzer, Radiometer, Copenhagen, Denmark) and for glucose
and lactate measurements (YSI model 2300, Yellow Springs, OH, USA). Plasma samples at these time-points
were collected for cytokine and endocrine analysis, as previously reported?"->2+282,
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Data analysis. Off-line analysis of the physiological data was performed using customized LabVIEW-
based programs (National Instruments). All measures were averaged in 1-h epochs during experimental period.
Nuchal EMG data was normalized by using the mean value of the baseline period.

FHRV analysis was performed using the PhysioNet Cardiovascular Signal Toolbox* for Matlab (MATLAB
2020A, The MathWorks, USA). All metrics were assessed on continuous, non-overlapping 5-min windows unless
otherwise specified®’. Time domain measures of FHRV were assessed as the standard deviation of RR inter-
vals (SDNN) and the root-mean-square of successive differences in R-R interval (RMSSD). Frequency domain
measures were obtained by calculation of the Lomb-Scargle periodogram. The frequency band boundaries
used in this study were: very-low-frequency (VLF): 0.0033-0.04 Hz, low-frequency (LF): 0.04-0.15 Hz, high-
frequency (HF): 0.15-0.4 Hz, very-high-frequency (VHF): 0.4-1.5 Hz**=**. The absolute spectral power of each
band was natural log-transformed. In this study, we chose to utilize the standard adult VLE LF and HF bands,
and included an additional VHF band to interrogate higher frequency activity in view of evidence that FHRV
includes higher frequency rhythms than the adult heart rate, at least in part due to the high frequency of fetal
breathing movements®~". Our rationale for the inclusion of an additional VHF band instead of adopting the
proposed extended ‘fetal’ HF band is that this approach provides greater granularity of information, and allows
better comparison to adult data?**,

The non-linear index, Sample Entropy was calculated with parameters: embedding dimension m =2 and
tolerance r=0.15 and maximum scale T=20. Acceleration capacity and deceleration capacity were calculated
from the phase-rectified signal averaging algorithm*’ using the following parameters: L =45, T=5, s=2, based on
previous studies*!. As we have recently described*, simplistically every RR interval that increased (or decreased)
relative to the previous RR interval was defined as a “acceleration anchor” (or “deceleration anchor”). A window
of 2L (i.e. 90 RR intervals) was centred around every anchor, consisting of the anchor itself x(0)) the 45 data-
points immediately following the anchor ‘x(1), x(2), ... x(45)’ and the 44 data-points immediately preceding the
anchor ‘x(—44), x(-43), ... x(-1), x(0)> All windows within the analysis epoch are then aligned at the anchor
(windows are thereby ‘phase-rectified’). Each set of data-points within the aligned windows are then averaged to
calculate x(—44), x(—43), ...x(45). Acceleration capacity and deceleration capacity are calculated separately as:

[(X(—44) + x(—43) + - - -x(0)] — [X(D) + X(2) + - - - x(45)]
2L

Sample asymmetry was calculated as described by Kovatchev and colleagues®. Briefly, the median RR interval
for each epoch is determined and then the raw RR intervals are separated into those greater and those less than
the median. For RR intervals less than the median, the deviation of each RR interval from the median is calculated
and then squared before the average of these values over the epoch is found. This final average is called R1. The
same process is repeated for all RR intervals greater than the median, and the final average is called R2. Sample
asymmetry is the ratio of R2/R1*. Sample Asymmetry was calculated from epochs consisting of 4096 consecu-
tive RR intervals (approximately 20 min of data)**. Each epoch was selected from the start of every 30 min of
recording and then converted into an hourly average, as previously described®>.

Statistical analysis. Statistical analysis was performed using SPSS (v25, IBM, Armonk, NY). The data were
treated as two separate studies. First, we compared the control group with the acute-on-chronic LPS group and
secondly we compared the control group with the progressive LPS group. The effect of each infusion protocol
was separately compared by two-way ANOVA with time treated as a repeated measure. Statistical significance
was accepted at P <0.05. Data are presented as mean + SEM.

Results

Previously published results. Results from overlapping cohorts included in this study have been previ-
ously published, including neurohistological*****%°, magnetic resonance imaging-based®, cardiovascular? -+,
neurophysiological?**?%, and cytokine and endocrine outcomes***?42$2_ Time-domain based FHRV analysis
from the acute-on-chronic group have previously been published?.

Baseline parameters and fetal biochemistry. All fetuses in the present study were healthy based on
our laboratory standards prior to the start of infusions, including normal arterial biochemistry and physiologi-
cal parameters. There were no physiological, FHR or biochemical differences in the baseline period between the
control and LPS groups, except that the progressive LPS group had a slightly higher baseline FHR compared with
the control group (p =0.043, Fig. 2). Baseline FHR was therefore included as a covariate in the statistical analysis.
There were only minor differences between groups in fetal biochemistry during or after LPS infusions (Tables 1
and 2). There were no differences in fetal sex between the groups: control (4 females, 6 males), progressive LP (4
females, 4 males, acute on chronic LPS (5 females, 4 males).

Progressive LPS infusions. The progressive LPS protocol was associated with only transient changes after
the start of infusions. FHR increased in the progressive LPS group compared to controls from 6 to 9 h (p=0.011,
Fig. 2) after the start of progressive LPS infusions at the lowest rate (0.2 pug/kg/24 h). Thereafter, there were no
changes in FHR compared to controls. There were no changes in MAP or nuchal EMG throughout the study
period (Fig. 2).

Only subtle changes in measures of FHRV were observed, all shortly after the start onset of LPS infusions.
There was a decrease in both acceleration capacity from 3 to 6 h (p=0.034 vs controls, Fig. 2) and Sample Entropy
from 6 to 12 h (p=0.033, Fig. 3).
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Figure 2. Changes in mean arterial pressure, fetal heart rate and nuchal electromyographic (EMG) activity
during and after LPS infusions. Nuchal EMG activity is shown relative to baseline. All LPS infusions were started
on day 0 and continued for a total of 5 days, fetuses were studied for a further 5 days after the end of infusions.
Groups shown are control (green, n=10), progressive LPS (blue, n=8) and acute-on-chronic LPS (red, n=9).
Data are shown as 1 h mean+ SEM (mean is displayed as solid lines, SEM is displayed as dotted lines). Baseline
FHR was included as a covariate. *P < 0.05 control vs. acute-on-chronic LPS, P <0.05 control versus progressive
LPS.

After the end of the LPS infusions at 120 h, the progressive LPS group showed a further reduction in accelera-
tion capacity compared to controls from 120 to 144 h (p=0.049, Fig. 3). No further changes in either physiological
parameters or measures of FHRV were observed in the 5 d after the end of progressive LPS infusions (Fig. 2).

Acute on chronic LPS infusions.  The initial two days of low-dose LPS infusions in the acute-on-chronic
group (0.1 and 0.2 pg/kg/24 h) were not associated with any change in FHR, MAP or nuchal EMG activity
(Fig. 2). Subtle changes in measures of FHRV were observed early after the initial onset of LPS infusions (0.1 pg/
kg/24 h). Both VLF (p=0.01) and LF (p=0.047) were increased from 0-3 h after onset of LPS infusions com-
pared to controls (Fig. 5). SDNN increased from 3 to 6 h (p=0.029) and acceleration capacity was decreased
from 3 to 9 h (p=0.012) after the onset of LPS infusion in the acute-on-chronic group compared to controls
(Fig. 3). No further changes in FHRV were observed when LPS infusions were increased at 24 h (0.2 pg/kg/24 h).

The three 1 pug LPS boluses were associated with hypotension, tachycardia and reduced nuchal EMG activity
which became progressively attenuated with each bolus (Fig. 2). All time points in this section are described
relative to the timing of each bolus. MAP fell in the acute-on-chronic group compared to controls after the first
(3-12 h, p=0.001) and second LPS boluses (6-12 h, p=0.006). After the third LPS bolus, an initial period of
increased MAP was observed (0-3 h, p=0.033) but no significant hypotension was observed. FHR increased
in the acute-on-chronic group compared to controls after the first (0-15 h, p=0.01), second (3-12 h, p=0.002)
and third LPS boluses (3-9 h, p=0.013). After resolution of the initial tachycardia after the second LPS bolus,
FHR fell and was reduced in the acute-on-chronic group compared to controls from 18 to 24 h (p=0.027, Fig. 2).

Nuchal EMG activity was decreased after the first LPS bolus from 0 to 9 h in the acute-on-chronic group
compared to controls (p=0.01). After the second LPS bolus, nuchal EMG activity was initially reduced from 0 to
3 h (p=0.038) and subsequently increased from 21 to 24 h (p=0.019) in the acute-on-chronic group compared
to controls (Fig. 2).
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Day Day 0 Day1 Day 2 Day 3

Time Baseline +2h +6h Baseline +2h +6h Baseline +2h +6h Baseline +2h +6h

pH

Control 7.36+0.00 | 7.36+0.00 | 7.36+0.00| 7.35+0.00 | 7.35+0.01| 7.35+0.01| 7.34+0.00| 7.34+0.00 7.34+0.01| 7.34+0.00 7.35+0.01| 7.35+0.01
?}f}i}tﬁi—?n_ 7.36£0.00 | 7.36+0.00 7.34+£0.01| 7.35+0.00 7.34+0.00| 7.35+0.00| 7.34+0.00| 7.30+0.00* 7.3240.00| 7.34+0.00| 7.29+0.01*| 7.34+0.00
Progressive 7.36£0.00 | 7.36%£0.00 | 7.36+0.00| 7.35+0.00 | 7.35+0.00| 7.35+£0.00| 7.35+£0.00|7.36%0.00 7.34+0.00| 7.33+0.00 7.35£0.00| 7.34+0.00
pCO, (mmHg)

Control 46.6+0.3 46.2+0.3 46.0+0.3 | 47.5+0.3 47.4+1.2 47.8+1.3 47.6+0.3 |47.2+0.5 43.1+29 46.4+0.2 48.6+0.7 |48.7+0.7
?}fruotsign- 48.1+0.5 48.4+0.7 46.8+0.6 | 48.6+0.3 47.5+0.3 47.0£0.8 46.5+0.8 | 47.7t1.2 52.1+0.6*| 46.8+1.0 49.5+0.8 50.9+0.6
Progressive 48.9+0.5 48.0+0.4 49.4+0.3 |48.2+04 48.1+0.4 49.2+0.5 49.3+0.4 |48.7+0.3 48.1+0.4 51.0+0.4*| 49.2+0.4 |49.9%0.6
pO, (mmHg)

Control 26.3+0.2 26.0+0.2 25.6+0.2 |26.1+0.3 25.8+1.1 24.5+0.7 27.1+0.3 (249404 24.7+1.0 26.3+0.3 26.7+1.0 25.6+1.1
?hcruot;;gn- 252+0.5 245+0.4 253+0.7 | 26.7+£0.4 27.4+0.7 255+0.5 25.6+0.5 | 23.0+£0.6 22.5+0.6 25.8+0.5 24.1+04 21.6%0.5
Progressive 25.6+0.3 25.7+0.4 23.8+0.4 |25.1+0.3 25.5+0.5 24.8+0.4 254+0.4 |25.0+0.4 24.8+0.4 26.0+0.4 255+04 |251+04
Hb (g/dL)

Control 8.6+0.1 8.4+0.1 8.3+£0.1 8.6+0.1 7.940.2 7.940.2 9.0+0.1 | 8.0+£0.1 8.1+0.4 9.0£0.1 8.2+0.3 8.3+0.3
Acute-on-

chronic 8.2+£0.2 8.3+0.2 7.8£0.2 8.0+£0.2 7.7£0.2 8.0£0.2 8.0£0.2 |9.1+£0.2 8.9+0.3 8.0£0.2 9.4+0.2 8.3+0.2
Progressive 8.3+0.1 8.9+0.2 8.6%0.1 8.1+£0.2 8.3£0.2 8.1£0.2 8.3+0.2 | 82+0.2 8.2+£0.2 8.4+0.2 8.3+0.2 8.5+£0.2
ctO, (mmol/L)

Control 3.6+0.0 3.6+£0.0 3.5+0.1 3.6+0.1 32402 3.1+0.1 3.8+0.1 |3.2+0.0 3.1£0.2 3.74£0.1 3.5+0.2 33102
CAhCruotrel;gn- 3.3+0.1 3.3+0.1 3.2+0.1 4.1+0.2 42+0.4 3.2+0.1 3.2+0.1%|3.2+0.1 2.8+0.1 3.3+0.1 3.4+0.1 2.5+0.1
Progressive 3.5+£0.0 3.6+0.1 3.2+£0.0 3.1£0.0 3.3£0.0 3.2+0.1 3.2+0.1* 3.2£0.0 3.1£0.1 3.3+0.1 3.4+0.1 3.3+0.1
BE (mmol/L)

Control 0.4+0.2 0.7+£0.2 0.1+£0.2 0.3+£0.3 0.6+0.8 0.6+0.8 -02+0.2 [ -0.7£0.2 -19+15 -09+0.2 0.8+£0.5 0.6+£0.7
?}fr“;fn;’“ 11404 | 12403 | —03%0.6 | 06403 | —0.6+02 | —05+0.6 | —1.8+03 |-12+05 | —02+04 | —14+05 | —2.9+04* | 02+02
Progressive 1.5+0.3 1.2+0.3 2.1£0.2*| 04+0.3 0.7£0.2 1.5+0.3 0.9+0.2 | 1.1.£0.3 0.0£0.3 0.7£0.2 1.3+0.3 0.9+0.3
Lactate (mmol/L)

Control 0.8+£0.0 0.9+£0.0 0.9+0.0 0.9+0.0 0.9+0.1 0.9+0.1 0.8+£0.0 | 0.8£0.0 0.9+£0.0 0.8+£0.0 0.8+£0.0 09+0.1
CAhc;,:)trel;‘(:)n- 0.8+0.0 0.8+0.0 1.2+0.1 0.8+0.0 0.8£0.0 0.9£0.0 0.8+0.0 | 1.4£0.1* 2.5+0.2% 0.8£0.0 1.2+0.1 1.4+0.1
Progressive 0.8+0.0 0.9+0.0 1.2+0.1 0.8+0.0 0.9+£0.0 0.9+£0.0 0.8+0.0 | 0.8+£0.0 0.9£0.0 0.8+£0.0 0.8+0.0 0.9+0.0
Glucose (mmol/L)

Control 1.0+0.0 1.1+£0.0 1.1+0.0 1.0£0.0 1.0+0.1 1.1+0.1 1.0+£0.0 [ 0.9£0.0 1.0+0.1 1.0+0.0 0.9£0.1 1.0£0.1
CAhC;':;:gn_ 1.0£0.0 1.0£0.0 1.0+0.0 1.0£0.0 1.0+0.0 1.0+0.0 1.0£0.0 | 1.0£0.0 0.9£0.0 1.0+0.0 0.9£0.0 0.9+0.0
Progressive 0.9+0.0 1.1+0.0 1.1+0.0 0.9+0.0 1.1+0.0 1.0+0.0 0.9+0.0 | 0.9+£0.0 1.0+0.0 0.9£0.0 0.9+0.0 1.0£0.0

Table 1. Arterial biochemistry from day 0 to day 3. pCO2 partial pressure of carbon dioxide, pO2 partial
pressure of oxygen, Hb hemoglobin, ctO, oxygen content, BE base excess. *p <0.05 vs. control.

Fetal heart rate variability after LPS boluses. LPS boluses were associated with a marked biphasic
pattern across multiple measures of FHRYV, generally characterized by an initial increase followed by suppres-
sion of FHRV. With subsequent boluses, the initial increase appeared to become attenuated while the secondary
phase of FHRV suppression was only observed after the second and third bolus. All time points in this section
are described relative to the timing of each bolus.

After the first LPS bolus the increase in FHRV was characterized by an increase in SDNN (0-6 h, p=0.016),
VLF (3-6 h, p=0.003), LF (3-6 h, p=0.016), HF (3-6 h, p=0.017), VHF (3-6 h, p=0.049), deceleration capacity
(3-6 h, p=0.043) and sample asymmetry (0-6 h, p=0.027 and 9-12 h, p=0.045) and a decrease in acceleration
capacity (0-9 h, p=0.006) compared to controls (Figs. 3, 4, 5). After the second LPS bolus, increased FHRV was
seen with an increase in SDNN (3-6 h, p=0.022), VLF (3-6 h, p=0.006), LF (3-6 h, p=0.002), and a decrease in
acceleration capacity (0-3 h, p=0.031, compared to controls, Figs. 3 and 5). After the third LPS bolus, increased
FHRV was characterized by an increase in SDNN (3-6 h, p=0.042), VLF (3-6 h, p=0.002), LF (3-6 h, p=0.018),
deceleration capacity (0-3 h, p=0.036) and a decrease in acceleration capacity (0-3 h, p=0.002) and sample
entropy (3-6 h, p=0.002) compared to controls (Figs. 3, 4, 5).

FHRV suppression was not seen after the first LPS bolus. However, after the second LPS bolus there was
secondary suppression of FHRV characterized by a decrease in SDNN (15-18 h, p=0.03), RMSSD (12-21 h,
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Day Day 4 Day 5 Day 6 Day7 Day 8 Day 9 Day 10
Time Baseline +2h +6h Baseline Baseli Baseli Baseli Baseline Baseline
pH

Control 7.35+0.00| 7.35+0.01| 7.34+£0.01 | 7.36+0.00| 7.35+0.00| 7.33+0.00| 7.33£0.00| 7.35+£0.00| 7.33+0.01
Acute-on-

chronic 7.35+£0.00| 7.34+0.00| 7.35+£0.00 | 7.36+0.00| 7.35+0.00| 7.33+0.01| 7.3320.01| 7.34+0.01| 7.35+0.00
Progressive 7.34+0.00| 7.35+0.00| 7.34+0.00| 7.34+0.00| 7.34+0.00| 7.34+0.00| 7.33£0.00| 7.33+0.00| 7.33+0.00
pCO, (mmHg)

Control 457404 | 453+14 |49.0+0.7 46.5+0.5 | 457+04 | 48.7+04 | 495+02 | 488+0.3 | 47.8+12
?ifr“;ﬁlf“ 460+0.9 | 47.0+13 |47.8+04 46.5£0.3 | 46.0+09 | 48.0+0.6 | 485+0.5 | 48.8+04 | 48.5+03
Progressive 488+0.6 | 48.9+0.6 |49.1+0.4 50.2+0.6 | 48.8+0.6 | 50.1+0.5 | 47.9+0.6 | 49.3+0.6 | 50.3+0.4
pO, (mmHg)

Control 268+02 | 259+0.8 |244+15 277404 | 268+02 | 249+04 | 252+04 | 259+03 | 262+1.1
?}fruotﬁlz’n 267+0.6 | 255+0.5 |252+04 293407 | 267+0.6 | 301+09 | 28.6+08 | 27.8+09 | 27.0+03
Progressive 244402 | 256405 |24.7+05 248+03 | 24402 | 27.0£04 | 258+04 | 27.0+03 | 258+04
Hb (g/dL)

Control 92402 | 8.0+03 | 8.4+03 95+02 | 92402 | 9.8+02 | 98+02 | 99+02 | 89+05
Acute-on- 8.1+0.1 93402 | 84+0.2 9.5+0.4 81+0.1 | 10505 | 10.1+0.5 9.6+0.5 | 10.6+0.4
chronic

Progressive 84+02 | 83+02 | 83+02 99406 | 84+02 | 87+02 | 9.0+02 | 92+02 | 92+02
ctO, (mmol/L)

Control 3.7+0.1 33402 | 32403 4.0+0.1 3.7+0.1 3.7+0.1 38409 | 3.8+0.1 3.6+0.2
Acute-on- 3.4+0.1 3.6+0.1 | 3.2+0.1 3.9+0.1 3.4+0.1 4.2+0.2 3.8+0.1 40+0.2 3.8+0.1
chronic

Progressive 3.3+0.1 34+0.1 | 3.1+0.1 3.4+0.1 3.3+0.1 3.7+0.1 3.5+0.1 3.8+0.1 3.6+0.1
BE (mmol/L)

Control —12402 | —1.1£0.8 | 01204 | —03+03 | —12+02 | 09+02 | 07+02 | —0.1+02 | —0.9+0.6
Acute-on- -14%04 | —12£0.6 | 0420.1 03403 | —~14+04 | —0.6£05 | —0.6%06 | 06+04 | 0302
chronic

Progressive 0.2+0.3 1.0£0.3 | 0.6%0.1 1.1£03 | 02+03 1.0£02 | —0.8+02 | —02+03 | 0.1+0.2
Lactate (mmol/L)

Control 07+0.0 | 0.8+0.1 | 0.9%0.1 08+0.0 | 0700 | 09+00 | 09400 | 0800 | 0.8+0.1
Acute-on- 0.7+0.0 | 0.8+0.0 | 0.7£0.0 07+0.0 | 07£0.0%| 0.6+0.0*| 06400 | 0700 | 0.7+0.0
chronic

Progressive 08+0.0 | 09+0.1 | 0.9+0.0 0.8+00 | 08+00 | 0800 | 08+00 | 08+00 | 0.7+0.0
Glucose (mmol/L)

Control 0.8+0.0 | 0.9+0.1 | 1.0+0.1 09+0.0 | 0.8+0.0 1.0+0.0 1.0£00 | 09%0.0 | 0.8+0.0
Acute-on- 1.0£00 | 09+0.0 | 1.0+0.0 0.9+0.0 1.0+0.0 | 07+0.0%| 0.7+00%| 07+00 | 0.7+0.0
chronic

Progressive 0.9+0.0 | 09+0.0 | 0.9+0.0 09+0.0 | 09+0.0 | 09+00 | 08+0.0%| 08+00 | 0.8+0.0

Table 2. Arterial biochemistry from day 4 to day 10. pCO?2 partial pressure of carbon dioxide, pO2 partial
pressure of oxygen, Hb hemoglobin, ctO, oxygen content, BE base excess. *p <0.05 vs. control.

p=0.031), VLF (15-21 h, p=0.031), LF (15-21 h, p=0.021), HF (18-21 h, p=0.019), VHF (18-21 h, p=0.32)
and an increase in Sample Entropy (18-24 h, p=0.025) compared to controls (Figs. 3, 4, 5). After the third bolus,
a decrease in SDNN (9-12 h, p=0.004), VLF (9-15 h, p=0.031), LF (9-12 h, p=0.023 and 18-24 h, p=0.04),
HF (18-24 h, p=0.035), VHF (15-24 h, p=0.021) and an increase in Sample Entropy (18-21 h, p=0.027) was
observed compared to controls (Figs. 3, 4, 5).

During the 5 d period of recovery, from day 6 to 10 inclusive, after the end of the LPS infusions (i.e. 24 h after
the third LPS bolus), the majority of measures of FHRV in the acute-on-chronic group remained no different
to controls. On the final day of recovery (216-240 h after the initial onset of low-dose infusions), a decrease in
acceleration capacity (p=0.037) and an increase in deceleration capacity (p=0.033) was observed in the acute-
on-chronic group compared to controls (Fig. 3).

Discussion

The present study demonstrates that there are markedly reduced fetal physiological responses to gradually
worsening fetal inflammation (the progressive LPS protocol) compared to episodes of rapid, severe exposure
to inflammation superimposed on a low background of inflammation (the acute-on-chronic LPS protocol).
The magnitude of changes in multiple measures of FHRV were in turn highly related to the magnitude of the
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Figure 3. Changes in time domain measures, acceleration capacity (AC) and deceleration capacity (DC)

during and after LPS infusions. Time domain measures included the standard deviation of RR intervals (SDNN)
and the root mean square of successive RR intervals (RMSSD). All LPS infusions were started on day 0 and
continued for a total of 5 days, fetuses were studied for a further 5 days after the end of infusions. Groups shown
are control (green, n=10), progressive LPS (blue, n=8) and acute-on-chronic LPS (red, n=9). Data are shown
as 1 h mean + SEM (mean is displayed as solid lines, SEM is displayed as dotted lines). *P <0.05 control vs. acute-
on-chronic LPS, *P <0.05 control versus progressive LPS.
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Figure 4. Changes in sample entropy and sample asymmetry during and after LPS infusions. All LPS infusions
were started on day 0 and continued for a total of 5 days, fetuses were studied for a further 5 days after the end
of infusions. Please note that sample entropy and sample asymmetry are not related indices and are grouped
together for convenience. Groups shown are control (green, n=10), progressive LPS (blue, n=8) and acute-on-
chronic LPS (red, n=9). Data are shown as 1 h mean+ SEM (mean is displayed as solid lines, SEM is displayed
as dotted lines). *P <0.05 control vs. acute-on-chronic LPS, *P <0.05 control versus progressive LPS.
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Figure 5. Changes in frequency domain measures during and after LPS infusions. Frequencies presented
include very low frequency (VLE 0.0033-0.04 Hz), low frequency (LE, 0.04-0.15 Hz), high frequency (HE,
0.15-0.4 Hz) and very high frequency activity (VHE 0.4-1.5 Hz). All measures were natural log transformed for
presentation. All LPS infusions were started on day 0 and continued for a total of 5 days, fetuses were studied
for a further 5 days after the end of infusions. Groups shown are control (green, n=10), progressive LPS (blue,
n=38) and acute-on-chronic LPS (red, n=9). Data are shown as 1 h mean+SEM (mean is displayed as solid
lines, SEM is displayed as dotted lines). *P <0.05 control vs. acute-on-chronic LPS.

physiological responses associated with each protocol, even though the progressive protocol delivered more LPS
(6.2 pg over 5 days) than the acute on chronic protocol (4.125 pg over 5 days). Thus, the different FHRV patterns
reflect the pattern of LPS exposure rather than the amount given. We have previously shown that both these
protocols are associated with neural injury?**?, suggesting that changes in FHRV may be a useful biomarker
of acute cardiovascular dysfunction, but not necessarily of inflammation-induced neural injury.

The present findings should be interpreted in conjunction with the patterns of inflammatory cytokine level
observed in each protocol. Concentrations of interleukin (IL)-6, IL-8, IL-10 and tumor necrosis factor in these
cohorts have previously been quantified using assays validated in fetal sheep, please see the original manuscripts
for full descriptions*"****2%2%, Unfortunately, the cytokine analyses in the two cohorts were performed using
different methodologies and so cannot be directly compared, however, broad comparisons are still appropri-
ate. Focusing on changes in the key pro-inflammatory marker IL-6; in the acute-on-chronic protocol a marked
increase in IL-6 was observed at 2 and 6 h after the first LPS bolus (1 pg) on day 3, which resolved by 24 h after
the bolus. The subsequent two boluses on days 4 and 5 showed a markedly attenuated IL-6 response?"?*?5%° In
the progressive LPS group, a mild but transient increase in IL-6 was observed 6 h after the initial onset of LPS
infusions on day 1. A second more sustained rise in IL-6 was observed on the morning of day 4 (when the LPS
infusion rate was increased from 0.8 to 1.6 ug/kg/24 h) until the morning of day 6 when the LPS infusion (at
3.2 ug/kg/24 h) finished®*. The magnitude of the increase in IL-6 after LPS boluses in the acute-on-chronic group
was approximately 5 times higher than the peak observed in the progressive LPS group.

A key aim of the present study was to investigate whether in-depth FHRYV analysis could identify potential
biomarkers for mild/subclinical fetal infections. The present study demonstrated transient changes at the start
of the lowest dose infusion in the progressive LPS group. On the first day of low-dose infusions, there was
tachycardia from 6 to 9 h in association with a decrease in both acceleration capacity and sample entropy. This
combination suggests a relative reduction in accelerations and a less complex FHR trace. Thereafter, we observed
no further changes across multiple measures of FHRV despite this group receiving a higher overall dose of LPS
than the acute-on-chronic LPS group. This is particularly surprising considering that the progressive LPS group
received 3.2 pg over the final day of infusion, in comparison to the highest daily dose of 1.25 ug administered
to the acute-on-chronic group. Interestingly, after the end of the progressive LPS infusions there was a mod-
est reduction in acceleration capacity for the first 24 h, suggesting a small relative reduction in the number or
amplitude of accelerations. By contrast, we observed marked, biphasic changes across multiple measures of FHRV
after exposure to high-dose (1 pig) LPS boluses in the acute-on-chronic group. Consistent with previous findings,
the biphasic changes appear to be temporally associated with the onset and recovery of arterial hypotension®"?2,
as discussed below.
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Although we observed no changes in physiological parameters or measures of FHRV for the majority of the
progressive LPS protocol, we have shown that there was a sustained increase in serum IL-6, in particular over the
final two days of LPS infusions®. At the end of the experiment, the brains of these fetal sheep showed evidence
of white matter injury and diffuse astrogliosis based on both histological and MRI-based findings**. Therefore,
impaired neurodevelopment may still occur following progressive intrauterine inflammation without overt signs
of inflammation-induced cardiovascular deterioration. This emphasizes the need for other biomarkers for milder/
subclinical intrauterine infection/inflammation.

FHRV in the acute-on-chronic group. In the acute-on-chronic group, the low-dose infusions were asso-
ciated with a similar time course and pattern of changes in multiple FHRV parameters compared to the progres-
sive LPS group. Interestingly though, more of these changes reached statistical significance which we speculate
reflects slight differences in the susceptibility of individual fetuses to LPS. Indeed, we have previously found
that there can be marked variability to the response to LPS?**. In the acute-on-chronic group, we observed an
increase in SDNN, VLF and LF and a decrease in acceleration capacity variably between 0 and 9 h after the start
of low-dose infusions, suggesting a broad but predominantly low frequency increase in FHRYV, but reduced FHR
accelerations.

LPS boluses in the acute-on-chronic group were associated with hypotension and tachycardia. As previously
reported, hypotension after high-dose LPS boluses is likely driven by peripheral vasodilation and impaired myo-
cardial contractility in association with increased IL-6 and tumor necrosis factor levels?**?. These responses
became attenuated with repeated boluses, consistent with endotoxin tolerance*. Although tolerance is not fully
understood, in neonatal rodents it is associated, in part, with up-regulation of corticosterone®.

Biphasic changes in multiple measures of FHRV occurred after the LPS boluses, similar to our previous studies
that examined time domain measures?*%. The acute increase in measures of FHRV after bolus LPS administra-
tion is in turn consistent with the original findings of Blad and colleagues in both preterm and term fetal sheep®’.
Durosier, Herry and colleagues reported complex changes in multiple parameters of FHRV after smaller LPS
boluses (400 ng) in term fetal sheep, and suggested that composite measures of highly selected, predominantly
non-linear indices may correlate with IL-6 levels*®*. Unfortunately, the characteristics of individual parameters
were not clearly presented in these studies, precluding comparison to the present work.

After LPS boluses in the present study, there was an initial increase in most FHRV measures, suggesting
an overall increase in FHRV. This excitatory phase preceded and overlapped with the development of arterial
hypotension and tachycardia, and was associated with decreased nuchal EMG activity, suggesting it was not
related to fetal body movements. This phase coincided with the timing of peak serum cytokine levels that we have
previously reported in similar cohorts?"*. LPS is not able to cross the blood-brain barrier®, and therefore it is
likely that the increased FHRV observed at this time represents autonomic dysfunction secondary to increased
systemic pro-inflammatory cytokines®'. Further, the cholinergic anti-inflammatory response may have been
stimulated, promoting increased parasympathetic outflow™>*.

During the first six hours after the first bolus of LPS there was an increase in SDNN (a measure of total
FHRYV), and an increase in all four frequency domain measures (VLE, LE, HF and VHF) suggesting a broad,
non-specific increase in FHRV. Interestingly, there was an increase in deceleration capacity and a decrease in
acceleration capacity, with increased sample asymmetry. All three of these findings suggest an inflammation-
induced reduction in FHR accelerations and a corresponding increase in FHR decelerations*. This is consist-
ent with our previous finding of increased sample asymmetry after LPS boluses, in association with the visual
appearance of shallow, transient FHR decelerations®. Similar patterns have been reported in developing neonatal
sepsis'*1”#, These patterns progressively became attenuated after the second and third LPS boluses, particularly,
the transient increases in HF and VHE.

Following the resolution of both the initial excitation phase and subsequent, slower resolution of arterial
hypotension, a second phase of relative suppression of multiple measures of FHRV was observed. This phase
was not observed after the first LPS bolus, suggesting that it may have been masked by the more pronounced
and more prolonged initial excitatory phase at that time. There was a decrease in SDNN, RMSSD (second bolus
only), VLE, LE, HF and VHE, supporting a broad reduction across all frequencies of FHRV. We also observed
an increase in Sample Entropy, suggesting increased complexity of the FHR trace. This finding was unexpected,
considering that neonatal sepsis has been associated with decreased Sample Entropy>*. By contrast, in the present
study there was only brief suppression of Sample Entropy during the initial excitation phase after the third bolus.

This period of broad suppression of FHRV was observed following resolution of arterial hypotension, at a time
when systemic inflammatory markers are likely declining®"?*. Suppression of FHRV strongly suggests relative
autonomic quiescence or withdrawal. Although suppression of FHRV is most often considered to be an ominous
sign, in the present study suppression of FHRV did not occur until after resolution of cardiovascular dysfunc-
tion, at time when levels of pro-inflammatory cytokines are falling. There is some evidence that LPS-induced
inflammation can directly impair the function of the sinoatrial node®. However, the observation that there were
largely no changes in FHRYV in the progressive-LPS group despite a higher overall dose of LPS suggests that this
mechanism did not materially contribute to suppressed FHRV.

The present study represents the longest analysis of FHRV during recovery after fetal inflammation, to the
best of our knowledge. Previous studies by our team and others only assessed FHRV for 4 days, or less after
induction of fetal inflammation®"***”%%, Throughout most of the five day recovery period after the end of LPS
infusions, almost all FHRV parameters in both the acute-on-chronic and progressive LPS groups returned to
control levels, demonstrating that the periods of suppressed FHRV after LPS were unlikely to reflect permanent
damage to autonomic centers, even though both the present LPS protocols and many others are associated
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with neuroinflammation and impaired white and grey matter development?*?*°%”_ This study suggests that
inflammation-induced brain injury per se is not associated with marked alterations to FHRV.

This is broadly consistent with evidence that even severe forebrain injury does not affect FHRYV, support-
ing the hypothesis that the hindbrain is essentially the sole origin of HRV in the fetus®. Of particular interest,
one study in preterm fetal sheep has shown that the brainstem was relatively spared from LPS-induced injury
and inflammatory changes despite LPS triggering cerebellar injury®. Nonetheless, it is reasonable to note that
the acute-on-chronic group showed a late, modest decrease in acceleration capacity and a modest increase in
deceleration capacity over the final 24 h of recovery, suggesting that inflammation may be associated with subtle
changes to the maturation of FHR trace. This was not observed in the progressive LPS group despite the higher
total LPS dose, highlighting the importance of the magnitude of the associated fetal inflammatory response.

Clinical translation of our findings is limited at present by the low-resolution of Doppler-based FHR monitor-
ing, which does not allow for the assessment of true beat-to-beat FHRV>’. Basic time-domain measures including
SDNN in this report, or the mean-minute range as we have previously reported after acute-on-chronic LPS?,
provide the best approximation of the visual assessment of FHR patterns. It is additionally likely to be feasible
to visually identify an ‘asymmetric’ FHR trace (characterized by a predominance of brief decelerations and a
relative absence of accelerations) as observed after high-dose boluses in the acute-on-chronic LPS group via cur-
rent visual analysis. Nonetheless, newer technology allowing non-invasive measurement of the true fetal ECG
are increasingly becoming available which will ultimately allow more in-depth analysis of FHRYV in real-time®
and further translation of these findings.

Conclusions and perspectives. The present study sought to identify potential FHR biomarkers that
may help identify subclinical intrauterine infections. Unfortunately, our findings suggest that the FHR trace
remains largely unaltered unless the fetus mounts a substantial inflammatory response. The corollary of this
is that chronic, slowly worsening levels of fetal inflammation seem to be unlikely to be detectable by even in-
depth FHRYV analysis, despite being associated with neuroinflammation and impaired neurodevelopment®*. The
limited effect on FHRV observed in the progressive LPS group may in part help explain the recent finding that
a sizeable portion of neonates with culture-proven late-onset sepsis were not identified by HRV analysis via the
heart rate characteristic system's.

The present study provides additional information about the dynamic, biphasic alterations to FHRV during
an acute fetal inflammatory response, which may help identify biomarkers for severe intrauterine infections. In
particular, the findings suggest that FHRV measures that give clues as to the relative proportions of accelerations
and decelerations within the FHR trace may be particularly useful, particularly sample asymmetry, acceleration
capacity and deceleration capacity, which were acutely altered before and during the onset of arterial hypotension.
Consistent with data from neonatal sepsis, we propose that asymmetric FHR traces due to a relative reduction
in accelerations and a relative increase in decelerations represents the most promising biomarker of the cardio-
vascular and autonomic dysfunction associated with severe, rapidly worsening intrauterine infection and may
warn of evolving arterial hypotension.

Received: 12 May 2021; Accepted: 11 January 2022
Published online: 02 February 2022

References
1. Blencowe, H. et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990
for selected countries: A systematic analysis and implications. Lancet 379, 2162-2172 (2012).
2. Liu, L. et al. Global, regional, and national causes of child mortality: An updated systematic analysis for 2010 with time trends
since 2000. Lancet 379, 2151-2161 (2012).
3. Agrawal, V. & Hirsch, E. Intrauterine infection and preterm labor. Semin. Fetal Neonatal. Med. 17, 12-19 (2012).
4. Combs, C. A. et al. Amniotic fluid infection, inflammation, and colonization in preterm labor with intact membranes. Am. J.
Obstet. Gynecol. 210(125), e115-e121 (2014).
5. Mueller-Heubach, E., Rubinstein, D. N. & Schwarz, S. S. Histologic chorioamnionitis and preterm delivery in different patient
populations. Obstet. Gynecol. 75, 622-626 (1990).
6. Russel, P. Inflammatory lesions of the human placenta. I. Clinical significance of acute chorioamnionitis. Am. J. Diagn. Gynecol.
Obstet. 1,127-137 (1979).
7. Hecht, J. L. et al. Characterization of chorioamnionitis in 2nd-trimester C-section placentas and correlation with microorganism
recovery from subamniotic tissues. Pediatr. Dev. Pathol. 11, 15-22 (2008).
8. Yates, N, Gunn, A. ], Bennet, L., Dhillon, S. K. & Davidson, J. O. Preventing brain injury in the preterm infant-current contro-
versies and potential therapies. Int. J. Mol. Sci. 22, 1671 (2021).
9. Strunk, T. et al. Infection-induced inflammation and cerebral injury in preterm infants. Lancet Infect. Dis. 14, 751-762 (2014).
10. Stoll, B. J. et al. Early-onset neonatal sepsis 2015 to 2017, the rise of Escherichia coli, and the need for novel prevention strategies.
JAMA Pediatr. 174, €200593 (2020).
11. Tita, A. T. & Andrews, W. W. Diagnosis and management of clinical chorioamnionitis. Clin. Perinatol. 37, 339-354 (2010).
12. Galli, L., DallAsta, A., Whelehan, V., Archer, A. & Chandraharan, E. Intrapartum cardiotocography patterns observed in suspected
clinical and subclinical chorioamnionitis in term fetuses. J. Obstet. Gynaecol. Res. 45, 2343-2350 (2019).
13. Griffin, M. P. et al. Abnormal heart rate characteristics are associated with neonatal mortality. Pediatr. Res. 55, 782-788 (2004).
14. Stone, M. L. et al. Abnormal heart rate characteristics before clinical diagnosis of necrotizing enterocolitis. J. Perinatol. 33, 847-850
(2013).
15. Weitkamp, J. H. et al. Meningitis, urinary tract, and bloodstream infections in very low birth weight infants enrolled in a heart
rate characteristics monitoring trial. Pediatr. Res. 87, 1226-1230 (2020).
16. Swanson, J. R. et al. Neonatal intensive care unit length of stay reduction by heart rate characteristics monitoring. J. Pediatr. 198,
162-167 (2018).
17. Moorman, J. R. et al. Mortality reduction by heart rate characteristic monitoring in very low birth weight neonates: A randomized
trial. J. Pediatr. 159, 900-906.e901 (2011).

Scientific Reports |

(2022) 12:1771 | https://doi.org/10.1038/s41598-022-05799-3 nature portfolio



www.nature.com/scientificreports/

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

Rio, L. et al. Monitoring of heart rate characteristics to detect neonatal sepsis. Pediatr. Res. https://doi.org/10.1038/s41390-021-
01913-9 (2021).

Girard, S. et al. Role of perinatal inflammation in cerebral palsy. Pediatr. Neurol. 40, 168-174 (2009).

Prasad, J. D. et al. Anti-Inflammatory Therapies for Treatment of Inflammation-Related Preterm Brain Injury. Int. J. Mol. Sci. 22,
4008 (2021).

Lear, C. A. et al. Biphasic changes in fetal heart rate variability in preterm fetal sheep developing hypotension after acute on chronic
lipopolysaccharide exposure. Am. J. Physiol. Regul. Integr. Comp. Physiol. 307, R387-395 (2014).

Lear, C. A. et al. Subclinical decelerations during developing hypotension in preterm fetal sheep after acute on chronic lipopolysac-
charide exposure. Sci. Rep. 5, 16201 (2015).

Galinsky, R. et al. Tumor necrosis factor inhibition attenuates white matter gliosis after systemic inflammation in preterm fetal
sheep. J. Neuroinflamm. 17, 92 (2020).

Galinsky, R. et al. Magnetic resonance imaging correlates of white matter gliosis and injury in preterm fetal sheep exposed to
progressive systemic inflammation. Int. J. Mol. Sci. 21, 8891 (2020).

Percie du Sert, N. et al. The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. J. Physiol. 598, 3793-3801
(2020).

Mclntosh, G. H., Baghurst, K. I, Potter, B. J. & Hetzel, B. S. Foetal brain development in the sheep. Neuropathol. Appl. Neurobiol.
5,103-114 (1979).

Barlow, R. M. The foetal sheep: Morphogenesis of the nervous system and histochemical aspects of myelination. J. Comp. Neurol.
135, 249-262 (1969).

van den Heuij, L. G. et al. Synergistic white matter protection with acute-on-chronic endotoxin and subsequent asphyxia in preterm
fetal sheep. J. Neuroinflamm. 11, 89 (2014).

Mathai, S. et al. Acute on chronic exposure to endotoxin in preterm fetal sheep. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304,
R189-197 (2013).

Vest, A. N. et al. An open source benchmarked toolbox for cardiovascular waveform and interval analysis. Physiol. Meas. 39, 105004
(2018).

Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart rate
variability. Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 17, 354-381 (1996).

Kasai, M. et al. Early sinusoidal heart rate patterns and heart rate variability to assess hypoxia-ischaemia in near-term fetal sheep.
J. Physiol. 597, 5535-5548 (2019).

Koome, M. E. et al. Ontogeny and control of the heart rate power spectrum in the last third of gestation in fetal sheep. Exp. Physiol.
99, 80-88 (2014).

Shaw, C. J. et al. Altered autonomic control of heart rate variability in the chronically hypoxic fetus. J. Physiol. 596, 6105-6119
(2018).

Myers, M. M., Fifer, W,, Haiken, J. & Stark, R. I. Relationships between breathing activity and heart rate in fetal baboons. Am. J.
Physiol. 258, R1479-1485 (1990).

Karin, J., Hirsch, M. & Akselrod, S. An estimate of fetal autonomic state by spectral analysis of fetal heart rate fluctuations. Pediatr.
Res. 34, 134-138 (1993).

Gustafson, K. M., Allen, J. J., Yeh, H. W. & May, L. E. Characterization of the fetal diaphragmatic magnetomyogram and the effect
of breathing movements on cardiac metrics of rate and variability. Early Hum. Dev. 87, 467-475 (2011).

van Laar, ]. O., Porath, M. M., Peters, C. H. & Oei, S. G. Spectral analysis of fetal heart rate variability for fetal surveillance: Review
of the literature. Acta Obstet. Gynecol. Scand. 87, 300-306 (2008).

Castro, L., Loureiro, M., Henriques, T. S. & Nunes, I. Systematic review of intrapartum fetal heart rate spectral analysis and an
application in the detection of fetal acidemia. Front. Pediatr. 9, 661400 (2021).

Bauer, A. et al. Deceleration capacity of heart rate as a predictor of mortality after myocardial infarction: Cohort study. Lancet 367,
1674-1681 (2006).

Georgieva, A., Papageorghiou, A. T, Payne, S. ., Moulden, M. & Redman, C. W. Phase-rectified signal averaging for intrapartum
electronic fetal heart rate monitoring is related to acidaemia at birth. BJOG 121, 889-894 (2014).

Georgieva, A. et al. Deceleration area and capacity during labour-like umbilical cord occlusions identify evolving hypotension: A
controlled study in fetal sheep. Br. . Obstet. Gynaecol. 128, 14331442 (2020).

Kovatchev, B. P. et al. Sample asymmetry analysis of heart rate characteristics with application to neonatal sepsis and systemic
inflammatory response syndrome. Pediatr. Res. 54, 892-898 (2003).

Griffin, M. P. et al. Abnormal heart rate characteristics preceding neonatal sepsis and sepsis-like illness. Pediatr. Res. 53, 920-926
(2003).

Biswas, S. K. & Lopez-Collazo, E. Endotoxin tolerance: New mechanisms, molecules and clinical significance. Trends Immunol
30, 475-487 (2009).

Ikeda, T., Yang, L., Ikenoue, T., Mallard, C. & Hagberg, H. Endotoxin-induced hypoxic-ischemic tolerance is mediated by up-
regulation of corticosterone in neonatal rat. Pediatr. Res. 59, 56-60 (2006).

Blad, S., Welin, A. K., Kjellmer, I., Rosen, K. G. & Mallard, C. ECG and heart rate variability changes in preterm and near-term
fetal lamb following LPS exposure. Reprod. Sci. 15, 572-583 (2008).

Herry, C. L. et al. Temporal patterns in sheep fetal heart rate variability correlate to systemic cytokine inflammatory response: A
methodological exploration of monitoring potential using complex signals bioinformatics. PLoS ONE 11, e0153515 (2016).
Durosier, L. D. et al. Does heart rate variability reflect the systemic inflammatory response in a fetal sheep model of lipopolysac-
charide-induced sepsis?. Physiol. Meas. 36, 2089-2102 (2015).

Banks, W. A. & Robinson, S. M. Minimal penetration of lipopolysaccharide across the murine blood-brain barrier. Brain. Behav.
Immun. 24, 102-109 (2010).

Yan, E., Castillo-Melendez, M., Nicholls, T., Hirst, J. & Walker, D. Cerebrovascular responses in the fetal sheep brain to low-dose
endotoxin. Pediatr. Res. 55, 855-863 (2004).

Tracey, K. J. Physiology and immunology of the cholinergic antiinflammatory pathway. J. Clin. Invest. 117, 289-296 (2007).
Fairchild, K. D., Srinivasan, V., Moorman, J. R., Gaykema, R. P. & Goehler, L. E. Pathogen-induced heart rate changes associated
with cholinergic nervous system activation. Am. J. Physiol. Regul. Integr. Comp. Physiol. 300, R330-339 (2011).

Lake, D. E., Richman, J. S., Griffin, M. P. & Moorman, J. R. Sample entropy analysis of neonatal heart rate variability. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 283, R789-797 (2002).

Klockner, U. et al. Inhibition of cardiac pacemaker channel hRHCN2 depends on intercalation of lipopolysaccharide into channel-
containing membrane microdomains. J. Physiol. 592, 1199-1211 (2014).

Dean, J. M. et al. Cerebellar white matter injury following systemic endotoxemia in preterm fetal sheep. Neuroscience 160, 606-615
(2009).

Keogh, M. J. et al. Subclinical exposure to low-dose endotoxin impairs EEG maturation in preterm fetal sheep. Am. J. Physiol.
Regul. Integr. Comp. Physiol. 303, R270-278 (2012).

Maeda, Y. et al. Transient effects of forebrain ischemia on fetal heart rate variability in fetal sheep. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 320, R916-R924 (2021).

Scientific Reports|  (2022) 12:1771

https://doi.org/10.1038/s41598-022-05799-3 nature portfolio


https://doi.org/10.1038/s41390-021-01913-9
https://doi.org/10.1038/s41390-021-01913-9

www.nature.com/scientificreports/

59. Georgieva, A. et al. Computer-based intrapartum fetal monitoring and beyond: A review of the 2nd Workshop on Signal Process-
ing and Monitoring in Labor (October 2017, Oxford, UK). Acta Obstet. Gynecol. Scand. 98, 1207-1217 (2019).

Author contributions

C.A.L, AJ.G. and L.B. conceived the hypotheses, experimental design and analysis protocols for this study. S.M.,
C.A.L,, R.G.. were responsible for data collection. S.M., C.A.L., M.].B., V.J.K, and M.K. performed the physiologi-
cal analysis. S.M. and C.A.L. drafted the manuscript and contributed equally to this study and qualify for equal
first author. S.M., C.A.L., M.].B, VJ.K, M.K,, R.G., T.I,, A.J.G. and L.B were involved in data interpretation, in
the editing and critical revision of the manuscript, approved the final version of the manuscript and agree to be
accountable for all aspects of the work. All persons designated as authors qualify for authorship, and all those
who qualify for authorship are listed.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to L.B.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1771 | https://doi.org/10.1038/s41598-022-05799-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fetal heart rate variability is a biomarker of rapid but not progressive exacerbation of inflammation in preterm fetal sheep
	Materials and methods
	Ethical approval. 
	Surgical procedures. 
	Post-operative care. 
	Experimental recordings. 
	Experimental protocol. 
	Fetal arterial blood samples. 
	Data analysis. 
	Statistical analysis. 

	Results
	Previously published results. 
	Baseline parameters and fetal biochemistry. 
	Progressive LPS infusions. 
	Acute on chronic LPS infusions. 
	Fetal heart rate variability after LPS boluses. 

	Discussion
	FHRV in the acute-on-chronic group. 
	Conclusions and perspectives. 

	References


