PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Magawa S, Maki S, Nii M, Yamaguchi M,
Tamaishi Y, Enomoto N, et al. (2023) Evaluation of
fetal acidemia during delivery using the
conventional 5-tier classification and Rainbow
systems. PLoS ONE 18(6): €0287535. https://doi.
org/10.1371/journal.pone.0287535

Editor: Lumaan Sheikh, The Aga Khan University,
PAKISTAN

Received: December 2, 2022
Accepted: June 7, 2023
Published: June 23, 2023

Copyright: © 2023 Magawa et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: The data that support
the findings of this study are available on request
because the data contain potentially identifying or
sensitive patient information. This restriction is
imposed by the Institutional Review Board.
(Contact; Data Manager: imaiya@med.mie-u.ac.jp).

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Evaluation of fetal acidemia during delivery
using the conventional 5-tier classification and
Rainbow systems

Shoichi Magawa¢ *, Shintaro Maki, Masafumi Nii, Mizuki Yamaguchi, Yuya Tamaishi,
Naosuke Enomoto, Sho Takakura, Kuniaki Toriyabe, Eiji Kondo, Tomoaki Ikeda

Department of Obstetrics and Gynecology, Mie University Faculty of Medicine, Mie, Japan

* shoichimagawa @ gmail.com

Abstract

The association between prepartum time-series fetal heart rate pattern changes and cord
blood gas data at delivery was examined using the conventional 5-tier classification and the
Rainbow system for 229 female patients who delivered vaginally. They were classified into
three groups based on the results of umbilical cord blood gas analysis at delivery. The fetal
heart rate pattern classifications were based on analysis of measurement taken at 10-min
intervals, beginning at 120 min pre-delivery. The relationship between fetal heart rate pat-
tern classification and cord blood pH at delivery changed over time. The 5-tier classification
at each interval increased before delivery in the Mild and Severe groups compared with the
Normal group. No significant differences were observed between acidemia groups. The
Rainbow classification showed a significant differences between the acidemia groups at
each interval, particularly during the prepartum period. A relationship between classification
and outcome was evident before delivery for both the 5-tier classification and Rainbow
system.

Introduction

Cardiotocography (CTG) is a method of monitoring fetal status by continuously measuring
fetal heart rate (FHR) and uterine contractions that was introduced into clinical practice more
than 50 years ago for assessing fetal tolerance to hypoxic stress associated with labor and deliv-
ery [1-6]. Continuous FHR monitoring remains the most useful tool for screening for fetal
abnormalities so that an appropriately timed medical intervention can be initiated and hypoxic
injury during delivery can be avoided [7]. However, FHR monitoring is highly sensitive and
has low specificity. This has caused an increased rate of cesarean sections and surgical deliver-
ies and the failure to decrease the incidences of infant mortality and cerebral palsy [8].

Therefore, developing an accurate method of assessing fetal acidemia for the hypoxic load
associated with intermittent uterine contractions during labor and delivery is necessary. Fur-
thermore, persistent hypoxemia during labor may cause a gradual decrease in fetal cardiac out-
put, leading to fetal hypotension and hypoperfusion, which may result in hypoxic-ischemic
brain injury [9-15].
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Moreover, this progressive worsening of fetal hypoxemia during the labor is reflected by
changes in baseline FHR and deeper FHR deceleration [16].

It was hypothesized that the change in fetal acidemia could be more precisely evaluated
using FHR monitoring, which includes the aforementioned physiological changes as evalua-
tion items. Therefore, the conventional evaluation method was compared using the Trium®
computerized 5-tier monitoring system every 10 min with the Rainbow system, which evalu-
ates CTG 5-tier levels over time. In addition, the relation between these evaluation methods
and umbilical cord arterial blood gas pH analysis at birth was assessed.

Materials and methods

This was a retrospective cross-sectional study of patients who delivered vaginally at Mie Uni-
versity Hospital. This study included cases of singleton pregnancies that resulted in vaginal
delivery at Mie University Hospital from January 2017 to December 2019. Inclusion criteria
were maternal age of 18-45 years, singleton pregnancy, and FHR monitoring data from 120
min before delivery, which was stored as continuous data. Pregnancies that were complicated
by maternal heart disease or fetal cyanotic heart disease that could have affected fetal cord
blood gas analysis after birth were excluded. Cases of induction of labor and vacuum delivery
were not excluded. Induction of labor was performed by intravenous oxytocin administration
when the due date was exceeded (after 40 weeks and 0 days of gestation), when delivery was
stopped (process of labor was arrested for > 2 hours despite transient progress after the start
of labor), or labor did not start after membrane rupture. Vacuum delivery was performed
when fetal dysfunction or delivery arrest was considered to have occurred as a result of the
descent of the infant’s head (Station: +2 or lower) with the progress of labor and delivery. Vac-
uum delivery was performed three times or for a total suction time < 10 minutes.

Group classification was based on umbilical cord blood gas pH analysis, with pH > 7.2,

7.2 >pH > 7., and pH < 7.1 defining the Normal, Mild, and Severe groups, respectively. The
obstetrician promptly collected the umbilical cord blood gas from the umbilical cord artery
after infant delivery. Umbilical cord arterial blood gas analysis was performed using the
RAPID Point 500 Blood Gas Analyzer (Siemens Healthcare, UK). The pO, value was not eval-
uated because the RAPID Point 500 cannot measure detailed pO, values < 10 mmHg.

FHR was measured using external monitoring or a scalp electrode, uterine activity was
assessed using tocodynamometry, and the Toitu MT 810 B fetal monitor was used for registra-
tion, at a paper speed of 3 cm/min. CTG data were continuously traced without a trace loss of
20 s. Trium CTG OnlineVR (GE HealthcareVR, Little Chalfont, UK and Trium Analysis
Online GmbH, Munich, Germany) is a computer analysis system used to evaluate both the
FHR and uterine contractions to quantify the CTG trace components, such as baseline FHR,
acceleration, any deceleration, and baseline variability. It distinguishes the following types of
deceleration: 1) late deceleration, which is a gradual decrease in the FHR (defined as an onset
of deceleration to nadir of 30 s) associated with uterine contractions, where the nadir of decel-
eration occurs after the peak contraction. Late deceleration was considered severe when FHR
decreased to > 15 beats per minute (bpm) below the baseline. 2) Variable deceleration, which
is an abrupt decrease in the FHR (defined as an onset of deceleration to a nadir of < 30 s) last-
ing 15 s to < 2 min. The severity of variable deceleration was defined according to the duration
and lowest FHR. 3) Prolonged deceleration, which was defined as a decrease in FHR of < 15
bpm, lasting 2 min to < 10 min. Prolonged deceleration with a nadir < 80 bpm was considered
severe deceleration.

Based on this, the mean FHR classification was calculated for 10 bpm [17]. The normal
baseline was defined as 110-160 bpm. Long-term variability was considered a quantitated
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description of the oscillations’ amplitude near the baseline FHR, and was defined as the stan-
dard deviation of the smoothed FHR signal, excluding deceleration and regions with poor signal
quality. The “normal” variability was frequently the standard deviation of 6-25 bpm. Addition-
ally, regarding the level categories, the baseline of each section, deceleration type, baseline, vari-
ability, and classification should be considered [18]. The sections were categorized every 10
min, and the highest level was adopted when multiple levels were mixed in the section.

Rainbow system

The Rainbow system is an FHR monitoring evaluation system implemented in Trium®. Its
computer reading criteria are as previously described, and the system reads the data every 10 s
for the 10 min before the reading point.

Fig 1A and 1B shows the reading results as a color change at the top of the monitor. Specifi-
cally, the reading results are shown in five colors based on the classifications described above,
and a sheet was created every 10 min. The FHR classification during each 10-min period was
evaluated in terms of the time spent on each sheet. That is, level x duration (min)/10 was cal-
culated for each level, and the sum was considered the level of that sheet.

Statistical methods

Maternal and fetal backgrounds were compared between groups using the Kruskal-Wallis
test. Between-group differences were evaluated using the Bonferroni post hoc test when signif-
icant differences were found using the Kruskall-Wallis test.

Changes in the conventional 5-tier classification and the Rainbow system classification
were evaluated between groups every 10 min during the 120 min leading up to delivery using
the Kruskal-Wallis test. However, when significant differences were found, between-group
differences were evaluated using the Bonferroni post hoc test.

The Pearson chi-square test was also performed to compare the three groups in terms of
the following factors: babies’ sexes, 5-min Apgar scores (<7 or not) and whether they were
delivered via vacuum and induction or not. Finally, the Bonferroni method was used to adjust
the p-values. In all tests, statistical significance was set at p < 0.05. Data were analyzed using
the Statistical Package for the Social Sciences (SPSS) version 25 (IBM Corporation, Armonk,
NY, USA).

Ethical approval

This study was conducted in accordance with the principles of the Declaration of Helsinki,
and its research protocol was approved by the Institutional Review Board of Mie University
Hospital (IDH2021-232). The need for informed consent was waived, since this is a retrospec-
tive analysis. Patients who were eligible for this study had the opportunity to refuse to partici-
pate in the study by opting out.

Results

In all, there were 1,369 singleton pregnancy deliveries at our hospital, of which 671 Cesarean
section cases were excluded. Of the remaining 698 cases, 34 cases of maternal heart disease
and 45 cases of fetal heart disease were excluded. Of the 619 remaining cases, 229 were
included in the analysis after excluding those with no continuous data from 2 hours before
delivery to delivery, and those with no umbilical artery blood data. Overall, 175, 37, and 17
patients were assigned to the Normal, Mild, and Severe acidemia groups, respectively. Table 1
presents the patients’ background and demographic data.
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Fig 1. CTG levels of each group before delivery in the conventional 5-tier classification and Rainbow system. Circles
indicate the level course of the Normal group, squares indicate that of the Mild group, and triangles indicate that of the Severe
group. The transition was the average change in each group. # *, and t indicate the periods when there were significant
differences between groups: # for Normal vs. severe, * for Normal vs. Mild, and 1 for Mild vs. Severe. A shows a group
comparison of CTG levels using the conventional 5-tier classification. B shows a comparison of CTG levels using the Rainbow
system.

https://doi.org/10.1371/journal.pone.0287535.9001
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Table 1. Background information of cases and statistical analysis results.

Age
BMI at Delivery

Number of births
Gestation days
Newborn weight
(g
Apgar 1 min
Apgar 5 min
pH
BE

pCO;

Normal (n = 175)

32.75 (29, 37)

25.86 (22.72,
28.04)

0.55 (0, 1)
275.37 (271, 284)
3053 (2772, 3352)

8.07 (8, 8)
8.92(9,9)
7.29 (7.16,7.32)
-5.78 (-7.38, -4.10)

42.86 (38.85,
47.75)

Kruskal-Wallis Bonferroni

Mild (n = 37) Severe (n =17) Normal versus Normal versus Mild versus
Mild Severe Severe
33.21 (30, 38) 38.35 (35, 38) 0.043 1.000 0.040 0.262
25.23 (22.07, 23.30 (21.22, 0.043 1.000 0.043 0.316
27.56) 24.61)
0.56 (0, 1) 0.41 (0, 1) 0.745
273.16 (268, 281) 253.71 (261, 280) 0.374
2977 (2754, 3314) | 2769 (2448, 3006) 0.088
7.41 (7, 8) 6.47 (5, 8) < 0.001 0.003 < 0.001 0.140
8.46 (8,9) 8.24(8,9) 0.001 0.034 0.010 0.971
7.16 (7.14,7.19) 7.07 (7.04, 7.10) < 0.001 < 0.001 < 0.001 0.515
-9.90 (-11.4, -8.2) -12.85(-15.5, < 0.001 < 0.001 < 0.001 0.936
-11.0)
51.90 (47.10, 59.35 (49.30, < 0.001 < 0.001 < 0.001 0.922
58.20) 71.50)

Values are presented as mean (interquartile range).

BMI: body mass index, BE: base excess; pCO,

https://doi.org/10.1371/journal.pone.0287535.t001

No significant differences were observed between the groups regarding the number of
births, gestational days, and neonatal weight.

The following parameters showed significant differences between the Normal and Mild
groups and the Normal and Severe groups: Apgar score (1 min) (p = 0.003, p < 0.001), Apgar
score (5 min) (p = 0.034, 0.010), pH (p < 0.001, p < 0.001), base excess (BE) (p < 0.001,

p < 0.001), and pCO, (p < 0.001, p < 0.001). The following parameters showed significant dif-
ferences between the Normal and Severe groups: age (p = 0.040) and BMI at delivery

(p = 0.043). The proportions of patients with 5-min Apgar scores < 7 for each group are listed
in Table 2. The Normal group had a significantly lower rate of 5-min Apgar score < 7 than the
Mild and Severe groups. The distribution of induced deliveries for each group is shown in
Table 2. There were no significant differences in induction among groups. Additionally, no
significant differences were observed among the groups in terms of the sex of the newborns.
However, significant differences were found between the Normal (12.0%) and Severe (47.1%)
groups in terms of vacuum delivery use (Table 2).

Fig 1A and 1B shows the results of the conventional 5-tier classification and the Rainbow
system classification. No significant differences between the Mild and Severe groups were
observed in the conventional 5-tier classification. Significant differences were observed
between the Normal and Mild groups (marked by * in Fig 1A) and the Normal and Severe
groups (marked by # in Fig 1A and 1B) with the conventional 5-tier classification. Specifically,
significant differences between the Normal and Mild groups were found in the 110-100-min
(p =0.016), 100-90-min (p = 0.040), 90-80-min (p = 0.026), 50-40 min (p = 0.006), 40-
30-min (p = 0.003), 20-10-min (p = 0.002) and 10-0-min (p = 0.002) prepartum periods with
the conventional 5-tier classification. In contrast, significant differences between the Normal
and Severe groups were found in the 120-110-min (p = 0.010), 80-70-min (p = 0.027), 60-
50-min (p = 0.029), 50-40-min (p = 0.010), 40-30-min (p = 0.020), 30-20-min (p < 0.001),
20-10-min (p < 0.001), and 10-0-min (p < 0.001) prepartum periods with the conventional
5-tier classification. Furthermore, the Rainbow system showed no significant differences
between the Normal and Mild groups. Specifically, significant differences were found between
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Table 2. Comparison of sex and whether vacuum

Vacuum extraction No
Yes
Sex male
female
APGAR 5 min =7
Induction No
Yes

#: indicates a significant difference between groups

a,b: Each subscript letter denotes a subset of Experi

https://doi.org/10.1371/journal.pone.0287535.t1002

delivery was performed.

Normal Mild Severe
Number % Number % Number %
154" 88.0 28 75.7 9* 52.9
21* 12.0 9 24.3 8 47.1
175 100 37 100 17 100
Normal Mild Severe
Number % Number % Number %
84 48 15 40.5 12 70.6
91 52 22 59.5 5 29.4
175 100 37 100 17 100
Normal Mild Severe
Number % Number % Number %
173 98.9 34° 91.2 15° 88.2
2 1.1 3 8.8 2P 11.8
175 100 37 100 17 100
Normal Mild Severe
Number % Number % Number %
121 69.1 24 64.9 13 76.5
54 30.9 13 35.1 4 23.5
175 100 37 100 17 100

mental Condition categories whose column proportions do not differ significantly from each other at level .05".

the Normal and Severe groups in the 50-40-min (p = 0.007), 40-30-min (p = 0.009), 30-
20-min (p < 0.001), 20-10-min (p < 0.001), and 10-0-min (p < 0.001) prepartum periods. In
contrast, significant differences were found between the Mild and Severe groups (described as
t in Fig 1B) in the 30-20-min (p = 0.019), 20-10-min (p = 0.004), and 10-0-min (p = 0.002)
prepartum periods with the Rainbow system.

Discussion

The results of this study showed sustained significant differences between the Mild and Severe
groups in the Rainbow system assessment from 30 min before delivery. However, no signifi-
cant differences in the conventional 5-tier classification were observed between the Normal
and Mild groups. This is an interesting result, given that a significant difference was observed
in the conventional 5-tier classification between the Normal and Mild groups and the Normal
and Severe groups, but not between the Mild and Severe groups.

FHR monitoring is the most common method for evaluating fetal health during delivery. It
can be used to evaluate fetal health almost in real-time via analysis of heart rate changes, and is
used in approximately 90% of deliveries in the United States, Canada, and other countries [19,
20]. However, no consensus exists regarding the optimal method of interpreting FHR results.
Guidelines using 3-or 5-tier classification systems have been proposed in many countries [18,
21-23].

Some reports have adopted umbilical arterial blood gas pH < 7.1 as a criterion for signifi-
cant acidosis in newborns [24]. However, the criteria vary among reports, with some reporting
that a < 10% value indicates pH < 7.1 [25], and others that a 2.5% value is equivalent to pH
7.08 [26].
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During the onset of labor, current perinatal care aims to assess whether the fetus can toler-
ate intermittent hypoxic exposure associated with uterine contractions and to provide medical
intervention at the appropriate time to avoid irreversible damage. Considering the abovemen-
tioned reports, delivering the fetus before reaching an umbilical artery blood gas pH < 7.1 is
desirable.

Various methods exist for conventional 3- and 5-tier classifications, and which of them is
the most appropriate remains a subject of debate. The 3-tier classification was recommended
by the 2008 National Institute of Child Health and Human Development, primarily because it
is simpler than the conventional 5-tier classification and the accumulated evidence [27, 28].

The conventional 5-tier classification, which is used in Japan, some regions of the United
States, and France, has a moderate interobserver agreement rate, similar to that of the conven-
tional 3-tier classification [29, 30], It is also superior in detecting fetal acidemia during delivery
[31, 32], and enables chronological evaluation of fetal acidemia progression [33].

Therefore, to evaluate the accuracy of time-series assessments using the conventional 5-tier
classification, this study retrospectively compared the effectiveness of the conventional 5-tier
classification and that of the Rainbow system by Trium®.

This study’s results showed that the computerized conventional 5-tier classification consis-
tently showed significant differences between the Normal and Severe groups at 50 min before
delivery and between the Normal and Severe groups at 20 and 40-30 min before delivery. How-
ever, the Rainbow system showed significant differences between the Severe and Normal groups
at 50 min before delivery and between the Severe and Mild groups at 30 min before delivery. The
vacuum delivery rate was higher in the Severe group than that in the Normal group. Therefore, an
increase in the CTG level 10 min before delivery would be expected, considering the fetal brady-
cardia associated with vacuum delivery. However, vacuum delivery did not take longer than 10
min in any of the cases in this study, and no significant differences between the Severe and Mild
groups in the percentage of vacuum deliveries performed were found. Therefore, it was hypothe-
sized that the significant systematic differences in prepartum levels might reflect worsening fetal
status, indicating the hypoxic addition associated with delivery. Additionally, this study’s results
showed that the conventional 5-tier classification could distinguish two different levels of acidemia
from the Normal group. In contrast, the Rainbow system could distinguish more severe acidemia
from the Normal group continuously from 50 min before delivery, and mild and severe acidemia
from 30 min before delivery. These results suggest that the conventional 5-tier classification is
superior in detecting acidemia in the controls and that the Rainbow system is superior in in its
ability to distinguish more severe acidemia from milder acidemia.

Although the Apgar score is a direct indicator of neonatal health [34] and does not directly
reflect the results of cord blood gas analysis [35], it is important to evaluate these two tests
together for a comprehensive evaluation of a newborn’s health.

In general, the 5 min-Apgar score is more sensitive than the 1-minute Apgar score for
assessing neonatal prognosis, and a 5 min-Apgar score < 7 is associated with neurological dis-
orders, gastrointestinal and infectious disease morbidity, and neonatal death [36-39].

Even considering the distribution of cases with a 5 min-Apgar score <7, the number of
cases was significantly increased at pH <7.2. The 5 min-Apgar score is related to the neurolog-
ical prognosis of the neonate, and a combination of the conventional 5-level classification and
the Rainbow system may be effective in ensuring appropriately timed deliveries.

Notably, the waveform interpretation was performed using a computer in this study. The
authors evaluated the agreement between obstetricians and Trium®) readings in a previous
study. Therefore, it was concluded that the computerized conventional 5-tier FHR monitoring
reading using Trium®) would show substantial agreement with the obstetrician’s reading and
could be implemented in clinical practice [40].
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In this study, a similar system was used to perform the conventional 5-tier classification
and Rainbow system evaluations, and level changes in the Rainbow system, assessed clinically
in real-time, may be able to more accurately identify fetal acidemia that requires medical
intervention.

In conclusion, this study evaluated the conventional 5-tier classification based on FHR
monitoring and the Rainbow system’s 5-tier classification (Trium®). The Rainbow system
sensitively assessed fetal acidemia based on pH < 7.1. However, future studies are needed to
improve the accuracy of FHR monitoring tracings and computer interpretations.

Limitations of the study

This study had some limitations. First, the computer interpretation results were not evaluated.
As mentioned in a previous study, when tracing loss occurs in FHR monitoring with bradycar-
dia, the presence of bradycardia in that area cannot be detected or properly evaluated [40].
Therefore, excluding cases with partial tracing loss during FHR monitoring is necessary. Sec-
ond, cases of acidemia were evaluated to determine whether they were caused by hypoxia dur-
ing delivery. Determining presence or absence of neonatal encephalopathy could have enabled
the recruitment of cases of hypoxic exposure at delivery to more appropriately assess hypoxia-
associated impairment at delivery [41]; however, this assessment would have been difficult to
conduct for several reasons; for instance, postnatal magnetic resonance imaging evaluation
was not properly performed. In addition, this study did not consider risks other than maternal
and fetal cardiac disease. Future observational studies are needed to assess other risks and to
determine whether the monitoring process at delivery differs when these risks are present.

Acknowledgments

The authors gratefully acknowledge all participants who took part in this research for giving
their time and effort.

Author Contributions
Conceptualization: Shoichi Magawa.

Data curation: Shoichi Magawa, Shintaro Maki, Masafumi Nii, Yuya Tamaishi, Naosuke Eno-
moto, Sho Takakura, Kuniaki Toriyabe.

Formal analysis: Shoichi Magawa, Shintaro Maki.

Funding acquisition: Shoichi Magawa.

Investigation: Shintaro Maki, Mizuki Yamaguchi, Yuya Tamaishi, Sho Takakura.
Methodology: Shoichi Magawa, Mizuki Yamaguchi.

Supervision: Shintaro Maki, Masafumi Nii, Kuniaki Toriyabe, Eiji Kondo, Tomoaki Ikeda.
Visualization: Eiji Kondo.

Writing - original draft: Shoichi Magawa, Shintaro Maki.

Writing - review & editing: Tomoaki Ikeda.

References

1. Hon EH. The electronic evaluation of the fetal heart rate; preliminary report; preliminary report. Am J
Obstet Gynecol. 1958; 75: 1215—-1230. hitps://doi.org/10.1016/0002-9378(58)90707-5 PMID:
13545252

PLOS ONE | https://doi.org/10.1371/journal.pone.0287535 June 23, 2023 8/11


https://doi.org/10.1016/0002-9378%2858%2990707-5
http://www.ncbi.nlm.nih.gov/pubmed/13545252
https://doi.org/10.1371/journal.pone.0287535

PLOS ONE

Computerized evaluation of fetal acidemia during delivery

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Hon EH. The fetal heart rate patterns preceding death in utero. Am J Obstet Gynecol. 1959; 78: 47-56.
https://doi.org/10.1016/0002-9378(59)90639-8 PMID: 13661244

Hon EH. Electronic evaluation of the fetal heart rate. VI. Fetal distress-a working hypothesis. Am J
Obstet Gynecol. 1962; 83: 333-353. https://doi.org/10.1016/s0002-9378(16)35841-0 PMID: 13908673

Quilligan EJ, Katigbak E, Nowacek C, Czarnecki N. Correlation of fetal heart rate patterns and blood
gas values. 1. Normal heart rate values. Am J Obstet Gynecol. 1964; 90: 1343—1349. https://doi.org/10.
1016/0002-9378(64)90858-0 PMID: 14233695

Kubli FW, Hon EH, Khazin AF, Takemura H. Observations on heart rate and pH in the human fetus dur-
ing labor. Am J Obstet Gynecol. 1969; 104: 1190-1206. https://doi.org/10.1016/s0002-9378(16)34294-
6 PMID: 5807980

Hon EH, Petrie RH. Clinical value of fetal heart rate monitoring. Clin Obstet Gynecol. 1975; 18: 1-23.
https://doi.org/10.1097/00003081-197512000-00003 PMID: 765031

Rosser J. Confidential enquiry into stillbirths and deaths in infancy (CESDI). Highlights of the 6th annual
report. Pract Midwife. 1999; 2: 18-19.

Alfirevic Z, Devane D, Gyte GM, Cuthbert A. Continuous cardiotocography (CTG) as a form of elec-
tronic fetal monitoring (EFM) for fetal assessment during labour. Cochrane Database Syst Rev. 2017;
2: CD006066. https://doi.org/10.1002/14651858.CD006066.pub3 PMID: 28157275

Gunn AJ, Parer JT, Mallard EC, Williams CE, Gluckman PD. Cerebral histologic and electrocortico-
graphic changes after asphyxia in fetal sheep. Pediatr Res. 1992; 31: 486—491. https://doi.org/10.1203/
00006450-199205000-00016 PMID: 1603625

Gunn AJ, Maxwell L, De Haan HH, Bennet L, Williams CE, Gluckman PD, et al. Delayed hypotension
and subendocardial injury after repeated umbilical cord occlusion in near-term fetal lambs. Am J Obstet
Gynecol. 2000; 183: 1564—1572. https://doi.org/10.1067/mob.2000.108084 PMID: 11120529

Graham EM, Petersen SM, Christo DK, Fox HE. Intrapartum electronic fetal heart rate monitoring and
the prevention of perinatal brain injury. Obstet Gynecol. 2006; 108: 656-666. https://doi.org/10.1097/
01.A0G.0000230533.62760.ef PMID: 16946228

Polglase GR, Ong T, Hillman NH. Cardiovascular alterations and multiorgan dysfunction after birth
asphyxia. Clin Perinatol. 2016; 43: 469-483. https://doi.org/10.1016/j.clp.2016.04.006 PMID: 27524448

Dall’Asta A, Kumar S. Prelabor and intrapartum Doppler ultrasound to predict fetal compromise. Am J
Obstet Gynecol MFM. 2021; 3: 100479. https://doi.org/10.1016/j.ajogmf.2021.100479 PMID: 34496306

Gold N, Herry CL, Wang X, Frasch MG. Fetal cardiovascular decompensation during labor predicted
from the individual heart rate tracing: a machine learning approach in near-term fetal sheep Model.
Front Pediatr. 2021; 9: 593889. https://doi.org/10.3389/fped.2021.593889 PMID: 34026680

Lear CA, Westgate JA, Bennet L, Ugwumadu A, Stone PR, Tournier A, et al. Fetal defenses against
intrapartum head compression-implications for intrapartum decelerations and hypoxic-ischemic injury.
Am J Obstet Gynecol. 2021;S0002-9378: 02581-02583. https://doi.org/10.1016/j.ajog.2021.11.1352
PMID: 34801443

Bennet L, Westgate JA, Liu YC, Wassink G, Gunn AJ. Fetal acidosis and hypotension during repeated
umbilical cord occlusions are associated with enhanced chemoreflex responses in near-term fetal
sheep. J Appl Physiol (1985). 2005; 99: 1477-1482. https://doi.org/10.1152/japplphysiol.00431.2005
PMID: 15976361

Visser GH, Ayres-de-Campos D, FIGO Intrapartum Fetal Monitoring Expert Consensus Panel. FIGO
consensus guidelines on intrapartum fetal monitoring: adjunctive technologies. Int J Gynaecol Obstet.
2015; 131: 25-29. https://doi.org/10.1016/}.ijgo.2015.06.021 PMID: 26433402

Okai T, Ikeda T, Kawarabayashi T, Kozuma S, Sugawara J, Chisaka H, et al. Intrapartum management
guidelines based on fetal heart rate pattern classification. J Obstet Gynaecol Res. 2010; 36: 925-928.
https://doi.org/10.1111/j.1447-0756.2010.01342.x PMID: 21058434

Public Health Agency of Canada. What mothers say: the Canadian Maternity Experiences Survey;
2009. Available from: http://www.publichealth.gc.ca/mes. Ottawa.

Chen HY, Chauhan SP, Ananth CV, Vintzileos AM, Abuhamad AZ. Electronic fetal heart rate monitoring
and its relationship to neonatal and infant mortality in the United States. Am J Obstet Gynecol. 2011;
204: 491.e1-491.10. https://doi.org/10.1016/j.ajog.2011.04.024 PMID: 21752753

Liston R, Sawchuck D, Young D, Society of Obstetrics and Gynaecologists of Canada, British Columbia
Perinatal Health Program. Fetal health surveillance: antepartum and intrapartum consensus guideline.
J Obstet Gynaecol Can. 2007; 29 Supplement 4: S3—-S56. https://doi.org/10.1016/S1701-2163(16)
32615-9

American College of Obstetricians and Gynecologists. Practice bulletin no. 116: management of intra-
partum fetal heart rate tracings. Obstet Gynecol. 2010. Practice Bulletin no. 116; 116: 1232—-1240.
https://doi.org/10.1097/A0G.0b013e3182004fa9 PMID: 20966730

PLOS ONE | https://doi.org/10.1371/journal.pone.0287535 June 23, 2023 9/11


https://doi.org/10.1016/0002-9378%2859%2990639-8
http://www.ncbi.nlm.nih.gov/pubmed/13661244
https://doi.org/10.1016/s0002-9378%2816%2935841-0
http://www.ncbi.nlm.nih.gov/pubmed/13908673
https://doi.org/10.1016/0002-9378%2864%2990858-0
https://doi.org/10.1016/0002-9378%2864%2990858-0
http://www.ncbi.nlm.nih.gov/pubmed/14233695
https://doi.org/10.1016/s0002-9378%2816%2934294-6
https://doi.org/10.1016/s0002-9378%2816%2934294-6
http://www.ncbi.nlm.nih.gov/pubmed/5807980
https://doi.org/10.1097/00003081-197512000-00003
http://www.ncbi.nlm.nih.gov/pubmed/765031
https://doi.org/10.1002/14651858.CD006066.pub3
http://www.ncbi.nlm.nih.gov/pubmed/28157275
https://doi.org/10.1203/00006450-199205000-00016
https://doi.org/10.1203/00006450-199205000-00016
http://www.ncbi.nlm.nih.gov/pubmed/1603625
https://doi.org/10.1067/mob.2000.108084
http://www.ncbi.nlm.nih.gov/pubmed/11120529
https://doi.org/10.1097/01.AOG.0000230533.62760.ef
https://doi.org/10.1097/01.AOG.0000230533.62760.ef
http://www.ncbi.nlm.nih.gov/pubmed/16946228
https://doi.org/10.1016/j.clp.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27524448
https://doi.org/10.1016/j.ajogmf.2021.100479
http://www.ncbi.nlm.nih.gov/pubmed/34496306
https://doi.org/10.3389/fped.2021.593889
http://www.ncbi.nlm.nih.gov/pubmed/34026680
https://doi.org/10.1016/j.ajog.2021.11.1352
http://www.ncbi.nlm.nih.gov/pubmed/34801443
https://doi.org/10.1152/japplphysiol.00431.2005
http://www.ncbi.nlm.nih.gov/pubmed/15976361
https://doi.org/10.1016/j.ijgo.2015.06.021
http://www.ncbi.nlm.nih.gov/pubmed/26433402
https://doi.org/10.1111/j.1447-0756.2010.01342.x
http://www.ncbi.nlm.nih.gov/pubmed/21058434
http://www.publichealth.gc.ca/mes
https://doi.org/10.1016/j.ajog.2011.04.024
http://www.ncbi.nlm.nih.gov/pubmed/21752753
https://doi.org/10.1016/S1701-2163%2816%2932615-9
https://doi.org/10.1016/S1701-2163%2816%2932615-9
https://doi.org/10.1097/AOG.0b013e3182004fa9
http://www.ncbi.nlm.nih.gov/pubmed/20966730
https://doi.org/10.1371/journal.pone.0287535

PLOS ONE

Computerized evaluation of fetal acidemia during delivery

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

National Institute for Health and Care Excellence. Intrapartum care: care of healthy women and their
babies during childbirth. NICE Clinical Guidelines. Vol. 190. UK: National Collaborating Centre for
Women'’s and Children’s Health. London; 2014.

Williams KP, Singh A. The correlation of seizures in newborn infants with significant acidosis at birth
with umbilical artery cord gas values. Obstet Gynecol. 2002; 100: 557-560. https://doi.org/10.1016/
s0029-7844(02)02090-2 PMID: 12220778

Pammi M, Clark SL, Shamshirsaz AA. Intrapartum maternal oxygen supplementation-friend or foe?
JAMA Pediatr. 2021; 175: 236-237. https://doi.org/10.1001/jamapediatrics.2020.5363 PMID:
33393989

Macones GA, Hankins GD, Spong CY, Hauth J, Moore T. The 2008 National Institute of Child Health
and Human Development workshop report on electronic fetal monitoring: update on definitions, inter-
pretation, and research guidelines. Obstet Gynecol. 2008; 112: 661-666. https://doi.org/10.1097/A0G.
0b013e3181841395 PMID: 18757666

Spong CY. Electronic fetal heart rate monitoring: another look. Obstet Gynecol. 2008; 112: 506—507.
https://doi.org/10.1097/A0G.0b013e318185f872 PMID: 18757645

Garabedian C, Butruille L, Drumez E, Servan Schreiber ES, Bartolo S, Bleu G, et al. Inter-observer reli-
ability of 4 fetal heart rate classifications. J Gynecol Obstet Hum Reprod. 2017; 46: 131—135. https://
doi.org/10.1016/j.jogoh.2016.11.002 PMID: 28403968

Marti Gamboa S, Giménez OR, Mancho JP, Moros ML, Sada JR, Mateo SC. Diagnostic accuracy of
the FIGO and the 5-tier fetal heart rate classification systems in the detection of neonatal acidemia. Am
J Perinatol. 2017; 34: 508-514. https://doi.org/10.1055/s-0036-1593810 PMID: 27780275

Di Tommaso M, Seravalli V, Cordisco A, Consorti G, Mecacci F, Rizzello F. Comparison of five classifi-
cation systems for interpreting electronic fetal monitoring in predicting neonatal status at birth. J Matern
Fetal Neonatal Med. 2013; 26: 487-490. https://doi.org/10.3109/14767058.2012.735726 PMID:
23039108

Pruksanusak N, Thongphanang P, Suntharasaj T, Suwanrath C, Geater A. Combined maternal-associ-
ated risk factors with intrapartum fetal heart rate classification systems to predict peripartum asphyxia
neonates. Eur J Obstet Gynecol Reprod Biol. 2017; 218: 85-91. https://doi.org/10.1016/j.ejogrb.2017.
09.008 PMID: 28950192

Kikuchi H, Noda S, Katsuragi S, Ikeda T, Horio H. Evaluation of 3-tier and 5-tier FHR pattern classifica-
tions using umbilical blood pH and base excess at delivery. PLOS ONE. 2020; 15: e0228630. https:/
doi.org/10.1371/journal.pone.0228630 PMID: 32027690

Magawa S, Tanaka H, Furuhashi F, Maki S, Nii M, Toriyabe K, et al. Intrapartum cardiotocogram moni-
toring between obstetricians and computer analysis. J Matern Fetal Neonatal Med. 2021; 34: 787-793.
https://doi.org/10.1080/14767058.2019.1617688 PMID: 31072186

Levy BT, Dawson JD, Toth, PP, Bowdler N. Predictors of neonatal resuscitation, low Apgar scores, and
umbilical artery pH among growth-restricted neonates. Obstet Gynecol. 1998; 91: 909-916. https://doi.
org/10.1016/s0029-7844(98)00094-5.

Sabol BA, Caughey AB. Acidemia in neonates with a 5-minute Apgar score of 7 or greater—What are
the outcomes? Am J Obs Gynecol. 2016; 215: 486.e1-486.€6. https://doi.org/10.1016/j.ajog.2016.05.
035.

Ehrenstein V. Association of Apgar scores with death and neurologic disability. Clin Epidemiol. 2009; 1:
45-53. https://doi.org/10.2147/clep.s4782 PMID: 20865086

Person MK, Esposito DH, Holman RC, Mehal JM, Stoll BJ. Risk factors for infectious disease death
among infants in the United States. Pediatr Infect Dis J. 2014; 33: e280—e285. https://doi.org/10.1097/
INF.0000000000000414 PMID: 24853540

Dalili H, Nili F, Sheikh M, Hardani A.K, Shariat M, Nayeri F Comparison of the four proposed Apgar scor-
ing systems in the assessment of birth asphyxia and adverse early neurologic outcomes. PLoS ONE.
2015; 10: e01221186. https://doi.org/10.1371/journal.pone.0122116 PMID: 25811904

Leybovitz-Haleluya N, Wainstock T, Sheiner E, Segal |, Landau D, Walfisch A. Low Apgar scores in
term newborns and long-term gastro-intestinal morbidity: A population-based cohort study with up to 18
years of follow-up. J Matern Fetal Neonatal Med. 2019; 32: 1609-1614. https://doi.org/10.1080/
14767058.2017.1411475 PMID: 29183177

The American College of Obstetricians and Gynecologists’ Task Force on Neonatal Encephalopathy.
Executive summary: neonatal encephalopathy and neurologic outcome, second edition. Report of the
American College of Obstetricians and Gynecologists’ Task Force on Neonatal Encephalopathy. Obstet
Gynecol. 2" ed. 2014; 123: 896-901. https://doi.org/10.1097/01.A0G.0000445580.65983.d2 PMID:
24785633

PLOS ONE | https://doi.org/10.1371/journal.pone.0287535 June 23, 2023 10/11


https://doi.org/10.1016/s0029-7844%2802%2902090-2
https://doi.org/10.1016/s0029-7844%2802%2902090-2
http://www.ncbi.nlm.nih.gov/pubmed/12220778
https://doi.org/10.1001/jamapediatrics.2020.5363
http://www.ncbi.nlm.nih.gov/pubmed/33393989
https://doi.org/10.1097/AOG.0b013e3181841395
https://doi.org/10.1097/AOG.0b013e3181841395
http://www.ncbi.nlm.nih.gov/pubmed/18757666
https://doi.org/10.1097/AOG.0b013e318185f872
http://www.ncbi.nlm.nih.gov/pubmed/18757645
https://doi.org/10.1016/j.jogoh.2016.11.002
https://doi.org/10.1016/j.jogoh.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/28403968
https://doi.org/10.1055/s-0036-1593810
http://www.ncbi.nlm.nih.gov/pubmed/27780275
https://doi.org/10.3109/14767058.2012.735726
http://www.ncbi.nlm.nih.gov/pubmed/23039108
https://doi.org/10.1016/j.ejogrb.2017.09.008
https://doi.org/10.1016/j.ejogrb.2017.09.008
http://www.ncbi.nlm.nih.gov/pubmed/28950192
https://doi.org/10.1371/journal.pone.0228630
https://doi.org/10.1371/journal.pone.0228630
http://www.ncbi.nlm.nih.gov/pubmed/32027690
https://doi.org/10.1080/14767058.2019.1617688
http://www.ncbi.nlm.nih.gov/pubmed/31072186
https://doi.org/10.1016/s00297844(98)000945
https://doi.org/10.1016/s00297844(98)000945
https://doi.org/10.1016/j.ajog.2016.05.035
https://doi.org/10.1016/j.ajog.2016.05.035
https://doi.org/10.2147/clep.s4782
http://www.ncbi.nlm.nih.gov/pubmed/20865086
https://doi.org/10.1097/INF.0000000000000414
https://doi.org/10.1097/INF.0000000000000414
http://www.ncbi.nlm.nih.gov/pubmed/24853540
https://doi.org/10.1371/journal.pone.0122116
http://www.ncbi.nlm.nih.gov/pubmed/25811904
https://doi.org/10.1080/14767058.2017.1411475
https://doi.org/10.1080/14767058.2017.1411475
http://www.ncbi.nlm.nih.gov/pubmed/29183177
https://doi.org/10.1097/01.AOG.0000445580.65983.d2
http://www.ncbi.nlm.nih.gov/pubmed/24785633
https://doi.org/10.1371/journal.pone.0287535

PLOS ONE Computerized evaluation of fetal acidemia during delivery

41. Mclntyre S, Nelson KB, Mulkey SB, Lechpammer M, Molloy E, Badawi N, et al. Neonatal encephalopa-
thy: focus on epidemiology and underexplored aspects of etiology. Semin Fetal Neonatal Med. 2021;
26: 101265. https://doi.org/10.1016/j.siny.2021.101265 PMID: 34305025

PLOS ONE | https://doi.org/10.1371/journal.pone.0287535 June 23, 2023 11/11


https://doi.org/10.1016/j.siny.2021.101265
http://www.ncbi.nlm.nih.gov/pubmed/34305025
https://doi.org/10.1371/journal.pone.0287535

