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Abstract

To evaluate and assess the cardiovascular system dur-
ing fetal development in the utero of pregnant mouse, it
is essential to understand the effect of mandatory anes-
thesia treatment on sympathetic and parasympathetic ner-
vous system activities. The preliminary study presented
in this paper explores the changes in fetal and maternal
Heart Rate Variability (HRV) parameters as well as fetal-
maternal Heart Rate (HR) coupling measures during anes-
thesia. ECG signals of 6 pregnant mice and 10 fetuses
were recorded for 15 min. The obtained ECG signals were
segmented into three periods, each for a duration of 5 min.
Maternal and fetal HRV parameters in addition to fetal-
maternal coupling patterns were computed for each of the
three segments of the ECG signals. During the first 10 min,
results show that mean and root mean square of succes-
sive differences (RMSSD) of maternal HR did not change,
but significantly decreased after the first 10 min. A similar
result was observed for the mean, RMSSD and standard
deviation of NN intervals in fetal HR. On the other hand,
no significant changes were observed for the coupling pat-
terns between fetal-maternal heartbeats. These observa-
tions suggest that fetal nervous system activities were sup-
pressed by anesthesia treatment applied to pregnant mice
for more than 10 min.

1. Introduction

Anesthesia is essential in any surgical procedure. This
treatment is of our particular interest during newborn de-
livery. There is still little knowledge of how anesthesia
affects the heart rates of mother and her fetus when con-
sidering fetal development.

Fetal mice models have been frequently used to study
human congenital diseases [1, 2]. In addition to that, such
models have been commonly used to explore maternal fac-
tors influences on fetal development with the aid of drug
manipulations [3, 4]. The advantage of using mouse mod-

els in particular is their fast development, in which the
fetus requires only three weeks to fully grow [5]. This
is of vital importance when conducting research activities
concerning the assessment of fetal development in gen-
eral, and the cardiovascular system in the utero of pregnant
mouse in particular.

Beat-to-beat Heart Rate Variability (HRV) from Electro-
cardiography (ECG) signals provides a noninvasive way to
monitor the activity of autonomic nervous system [6]. To
study fetal HRV [7] in utero, anesthesia is required to im-
mobilize mother mouse for surgical procedure. This goal
calls for a dedicated study on fetal and maternal cardiovas-
cular responses to anesthesia in pregnant mice, which has
not yet been discussed in the literature.

The main objective of the preliminary study presented in
this paper is to investigate the changes in fetal and mater-
nal HRV parameters as well as fetal-maternal Heart Rate
(HR) coupling measures during anesthesia. ECG signals
of pregnant mice and their fetuses were simultaneously
recorded for 15 min. The obtained ECG signals were seg-
mented into three periods: the first 5 min (P1), the sec-
ond 5 min (P2), and the last 5 min (P3). Maternal and fe-
tal HRV parameters [8], such as mean HR (MHR), stan-
dard deviation of NN intervals in HR (SDNNHR), and
root mean square of successive differences between nor-
mal heartbeats (RMSSDHR) were computed for each of
the three segments. Additionally, the relative phase and
coupling strength between fetal and maternal heartbeats
were estimated for all three segments.

2. Methods

2.1. Mice subjects and experiment protocol

The experiments conducted in this study followed the
animal experimentation guidelines of Tohoku University
in Japan. Additionally, the experimental protocol was ap-
proved by the Tohoku University Committee for Safety
Management of Animals. A total of 10 fetuses from
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6 pregnant female mice of type C57BL/6J with body
weight of 16–22 g were used in this study. Mice subjects
were housed in cages under control lighting of 12:12 h
light-dark cycle and temperature of 22±2◦C. On day
17.5 of gestation, pregnant mice were anesthetized with
subcutaneous ketamine (Ketalar 500 mg Daiichi Sankyo:
100 mg/kg) and xylazine (Rompun Injection Solution 2%
Bayer; 10 mg/kg), and maintained with inhalational isoflu-
rane (Forane AbbVie Inc. 0.5%, 260 ml/min). ECG sig-
nals of fetuses and pregnant mice were simultaneously
recorded for 15 min using a recording system for embry-
onic mouse as explained in our previous study [9]. Fig. 1
shows the experimental setup along with examples of the
recorded fetal and maternal ECG signals.
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Figure 1. The panels in this figure include: (a) the ex-
perimental setup of the fetal ECG recording system, and
examples of ECG signals for the (b) mother and (c) fetus.

2.2. Heart Rate Variability

The procedure to monitor and estimate beat-to-beat HR
and its variability parameters to assess autonomic neurode-
velopment in mouse fetuses -while in utero- by using fe-
tal ECG approach was demonstrated in our previous study
[7]. Fetal and Maternal Heart Rate Variability (FHRV
and MHRV) features [8], including: the mean value of

HR (FMHR and MMHR), standard deviation of NN inter-
vals in HR (FSDNNHR and MSDNNHR), and root mean
square of successive differences between normal heart-
beats (FRMSSDHR and MRMSSDHR), were estimated
from three segments (P1 (0–5 min), P2 (5–10 min), and
P3 (10–15 min)) of the recorded ECG signals.

2.3. Coupling of Heartbeats

The coupling/synchronization between R-peaks of fetal
and maternal ECG signals was estimated by phase coher-
ence method as described in [10]. The instantaneous phase
time series was obtained by

ϕ(tk) =
2π (t− tk)

(tk+n − tk)
+ 2πk (1)

where t and tk are the times of R-peak of maternal and
fetal ECG signals respectively, and n is fetal heartbeats.
The relative phase ψ(tk) in the time window of tw with
respect to maternal ECG signal was calculated using the
equation

ψ(tk) =
ϕ(tk) mod 2π

2π
(2)

The phase coupling index (λ) was defined by

λ(tj) =

∥∥∥∥∥∥ 1

N

k∑
j=k−N

e−iψ(tj)

∥∥∥∥∥∥
2

(3)

where N is the number of heartbeats in time window
of tk − tw/2 ≤ tj<tk + tw/2. λ ranges from 0 to 1,
with λ = 1 being the highest synchronization. ψ(tk)
and respective λ values were computed for different Fe-
tal:Maternal (n : m) heartbeat ratios, where n and m are
fetal and maternal heartbeats, respectively. In this study,
N was set to 100 and n :m coupling ratios associated with
fetal beats of 1, 2, and 3; and corresponding maternal beats
of n+ 2 were investigated (i.e. the considered n :m ratios
are 1:3, 1:4, 2:4, 2:5, 3:5 and 3:6.

2.4. Statistical Analysis

The nonparametric Friedman test along with multiple
comparison test were applied on the sample considered
in this preliminary study to examine the significance in a
two-way layout. Friedman tests the null hypothesis that
the column effects are all the same against the alternative
that they are not. Likewise, multiple comparison test per-
forms multiple pairwise comparison of the group means
(effects of anesthesia in this study). A p-value results
from each test, which is informally a measure of the ev-
idence against the null hypothesis (i.e. effects are not all
the same). To determine the significance of the associ-
ations between anesthesia and HRV parameters, as well
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as anesthesia and coupling-based features, p < 0.05 was
considered to be significant. Scheffe’s procedure for mul-
tiple pairwise testing was used after p-value was signif-
icant. The statistical analyses was applied on the three
segments of the recorded ECG signals, i.e. P1 (0–5 min),
P2 (5–10 min), and P3 (10–15 min).

3. Results

The preliminary study presented in this paper is con-
ducted to explore the significant effects of anesthesia on
fetal-maternal HR coupling patterns as well as fetal and
maternal HRV parameters. Fig. 2 shows an example from
a pregnant mouse and one of its fetuses including MHR,
FHR, ψ and λ at ratio 1:3.
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Figure 2. An example from a pregnant mouse and one
of its fetuses, including: (a) maternal heart rate (MHR),
(b) fetal heart rate (FHR), and (c) relative phase (ψ) and
coupling strength (λ), both at a ratio of 1:3.

Table 1 lists mean±SD values for different mater-
nal and fetal HRV parameters considering the three seg-
ments (P1 (0–5 min), P2 (5–10 min), and P3 (10–15 min))
of the recorded signals. Values highlighted in
bold correspond to p < 0.05, i.e. the null hy-
pothesis is rejected, when conducting the Friedman

and multiple comparison tests. Results showed that
MMHR and MRMSSDHR significantly (p < 0.05) de-
creased from P1 to P3 (324.46±17.18 bpm (P1) to
296.31±20.47 bpm (P3); and 12.24±8.59 bpm (P1) to
6.64±5.28 bpm (P3), respectively). Furthermore, FMHR,
FSDNNHR and FRMSSDHR decreased from P1 to
P3 (100.22±13.16 bpm (P1) to 89.38±10.53 bpm (P3);
7.08±3.92 bpm (P1) to 2.11±1.80 bpm (P3); and 1.76±1.59
bpm (P1) to 0.65±1.01 bpm (P3), respectively). No signif-
icant changes were found between P1 to P2, or P2 to P3.
Moreover, fetal-maternal λ patterns did not change signif-
icantly among the three segments of the recorded signals.

Table 1. Descriptive statistics (mean±SD) for HRV pa-
rameters and coupling measures for different ratios show-
ing the effect of anesthesia considering the three seg-
ments (P1, P2 and P3) of the recorded signals. Val-
ues highlighted in bold indicate significant difference
(i.e. p < 0.05). MMHR or FMHR: Mean value of mater-
nal or fetal heart rate. MSDNNHR or FSDNNHR: Stan-
dard deviation of NN intervals in maternal or fetal heart
rate. MRMSSDHR or FRMSSDHR: Root mean square
of successive differences between normal maternal or fetal
heartbeats. NN intervals: Interbeat intervals from which
artifacts have been removed.

Descriptive P1 P2 P3
Statistics (0–5 min) (5–10 min) (10–15 min)
MMHR
(bpm) 324±17 308±19 296±20

MSDNNHR
(bpm) 9.7±6.1 7.0±2.9 5.4±2.5

MRMSSDHR
(bpm) 12.2±8.6 8.1±6.3 6.6±5.3

FMHR (bpm) 100±13 93±11 89±11
FSDNNHR
(bpm) 7.1±3.9 2.5±1.5 2.1±1.8

FRMSSDHR
(bpm) 1.8±1.6 0.9±1.0 0.7±1.0

mean(λ[1:3]) 0.4±0.3 0.5±0.3 0.5±0.3
mean(λ[1:4]) 0.2±0.2 0.2±0.2 0.2±0.2
mean(λ[2:4]) 0±0 0±0 0±0
mean(λ[2:5]) 0.1±0.1 0±0 0±0.1
mean(λ[3:5]) 0±0 0±0 0±0
mean(λ[3:6]) 0±0 0±0 0±0

4. Discussion

This paper presented a preliminary study to investigate
the significant effects of anesthesia on fetal and mater-
nal HRV features in addition to fetal-maternal HR cou-
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pling parameters at various ratios. It can be depicted from
Fig. 2 that anesthesia injected into mother mouse caused
a decrease in both of maternal and fetal HR, in general.
In addition, fetal-maternal HR synchronization could have
the possibility of placental transmission to fetal circulation
[11] which could aid in the assessment of autonomic regu-
lation of maternal and fetal heart and their interactions.

The conducted Friedman and multiple comparison tests
showed that maternal and fetal HRV parameters including:
MMHR and MRMSSDHR, as well as FMHR, FSDNNHR
and FRMSSDHR significantly decreased from P1 to P3
(i.e. after the first 10 min). On the other hand, no sig-
nificant changes were observed for the coupling patterns
between fetal-maternal heartbeats. This could potentially
indicate the possibility of placental transmission of anes-
thesia to fetal circulation. These observations suggest that
fetal sympathetic and parasympathetic nervous system ac-
tivities were suppressed by anesthesia treatment applied to
pregnant mice for more than 10 min.

5. Conclusions

The changes in fetal and maternal HRV parameters in
addition to fetal-maternal HR coupling measures during
anesthesia were assessed in the preliminary study pre-
sented in this paper. This is essential when studying the
cardiovascular system activities in the utero of pregnant
mouse under anesthesia, which is compulsory for surgical
procedure. The features of HRV and coupling measures
were evaluated for three segments of the recorded ECG
signals from 10 fetuses and 6 pregnant mice. Due to the
small number of samples, the study requires further vali-
dation on a large sample size to obtain robust results from
the statistical tests.

The changes in heartbeat synchronization patterns and
HRV parameters were assessed using the Friedman and
multiple comparison statistical tests. Results demonstrated
that MMHR and MRMSSDHR, as well as FMHR, FS-
DNNHR and FRMSSDHR significantly decreased from
P1 to P3, i.e. after the first 10 min. No significant changes
were observed between P1 to P2, or P2 to P3. Likewise,
fetal-maternal heartbeats coupling patterns did not change
significantly between the three segments. The examined
results suggest that anesthesia treatment applied to preg-
nant mice for more than 10 min suppressed the activities
of fetal sympathetic and parasympathetic nervous systems.
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